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Abstract  
Rail vehicles’ wheelset bearings have to be replaced periodically as they reach the end of their 
operational life, so that the vehicles’ availability, reliability and safety can be maximised. There are 
two maintenance options available for decision makers: 1) scrap the used bearings and replace them 
with new ones, or 2) remanufacture the used bearings so that they can be restored and used again. 
Whilst both options are valid from a reliability point of view, the option to remanufacture the used 
bearings offers the possibility to reduce the amount of new components to be purchased, helping in 
turn to save energy and raw materials, as well as reduce waste and pollutants during the production 
process of the bearings. Furthermore, it may be desirable from an economic point of view, as it is 
generally much cheaper to purchase a remanufactured product rather than an entirely new one. 
The aim of this project is to analyse and compare the environmental and economic performance of 
the two maintenance options, providing relevant data that can help with the decision making. The 
methodology Life Cycle Assessment (LCA) analysis, ISO 14040, is applied to carry out the 
environmental analysis. Given the lack of a standardised methodology to perform the economic 
analysis, a Life Cycle Cost (LCC) model is developed and applied. 
In the environmental analysis, two main scenarios have been considered: 1) not using 
remanufactured bearings, and 2) using remanufactured bearings, throughout the vehicle’s life cycle. 
The results obtained show how, by using remanufactured bearings, an average of 60 % of materials 
and primary energy can be saved; a 62 % less of waste is generated; and, the emissions to air of 
harmful substances such as CO2, NOx or SO2 can be reduced about 65 %.   
Three different alternatives have been considered in the economic analysis. The first alternative 
considers the use of new manufactured bearings; the second considers the remanufacture of the 
bearings once; and the third alternative the remanufacturing of the bearings twice, thus reaching 
the limit of their operational life. The results obtained show that the maintenance costs of the 
wheelset bearings throughout the rail vehicle’s life cycle can be reduced by 23 % if the bearings are 
remanufactured once, and by 30 % if they are remanufactured twice, compared with using only new 
manufactured bearings. 
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Resum 
Els rodaments de les rodes de tren són substituïts periòdicament a mida que arriben al final de la 
seva vida útil, igual que passa amb altres components, per tal de maximitzar la disponibilitat, 
fiabilitat i seguretat dels vehicles. Al final de la vida útil d’aquests rodaments hi ha disponibles dues 
opcions de manteniment: 1) rebutjar els rodaments usats i reemplaçar-los per altres de nous, o 2) 
re-manufacturar els rodaments usats, de manera que puguin ser restaurats i utilitzats novament. Si 
bé les dues opcions són vàlides des del punt de vista de la fiabilitat, l’opció de re-manufacturar els 
rodaments usats ofereix la possibilitat de reduir la compra de nous components, estalviant així l’ús 
d’energia i matèries primeres, i reduint els residus i contaminants generats durant el procés de 
fabricació dels rodaments. A més, pot ser desitjable des d'un punt de vista econòmic, ja que és 
generalment molt més barat comprar un producte re-manufacturat que un producte completament 
nou. 
L'objectiu d'aquest projecte és analitzar i comparar l'impacte ambiental i econòmic de les dues 
opcions de manteniment, proporcionant la informació necessària per a entendre millor els beneficis 
de la remanufacturació i per a ajudar a escollir la opció de manteniment més adequada. Per dur a 
terme l’estudi de l’impacte ambiental s’utilitza la metodologia Anàlisi del Cicle de Vida (LCA), ISO 
14040. L’estudi econòmic es desenvolupa utilitzant un model basat en la metodologia Cost del Cicle 
de Vida (LCC). 
Per a la realització de l'anàlisi mediambiental, s'han definit dos escenaris principals: 1) no utilitzar 
rodaments remanufacturats, i 2) utilitzar rodaments remanufacturats, al llarg del cicle de vida del 
vehicle. Els resultats obtinguts mostren com, a través de la utilització de rodaments 
remanufacturats, un 60% menys de materials i energia primària són utilitzats; un 62 % menys de 
residus són generats; i com les emissions a l'atmosfera de substàncies nocives com el CO2, NOx o 
SO2 es poden reduir fins al 65%. 
Per a la realització de l'anàlisi econòmic, tres alternatives diferents s’han considerat. La primera 
alternativa només té en compte l’ús de nous rodaments; la segona alternativa considera la 
remanufacturació dels rodaments una sola vegada; i la tercera alternativa, la remanufacturació dels 
rodaments dues vegades, arribant així al límit de la seva vida útil. Els resultats obtinguts mostren 
com els costos de manteniment dels rodaments durant el cicle de vida del tren es poden reduir un 
23% si els rodaments són remanufacturats una vegada, i en un 30% si són remanufacturats dues 
vegades, en comparació amb l'ús només de rodaments de nova manufactura. 
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Resumen 
Los rodamientos de las ruedas de tren tienen que ser reemplazados periódicamente a medida que 
llegan al final de su vida útil, al igual que otros componentes, a fin de maximizar la disponibilidad, 
fiabilidad y seguridad de los vehículos. Al final de la vida útil de estos rodamientos hay disponibles 
dos opciones de mantenimiento: 1) desechar los rodamientos utilizados y reemplazarlos por otros 
nuevos, o 2) remanufacturar los rodamientos utilizados, de manera que puedan ser restaurados y 
utilizados nuevamente. Si bien las dos opciones son válidas desde el punto de vista de la fiabilidad, la 
opción de remanufacturar los rodamientos usados ofrece la posibilidad de reducir la compra de 
nuevos componentes, ahorrando así el uso de energía y materias primas, y reduciendo los residuos y 
contaminantes generados durante el proceso de fabricación de los rodamientos. Además, puede ser 
deseable desde un punto de vista económico, ya que es generalmente mucho más barato comprar 
un producto remanufacturado que un producto completamente nuevo. 
El objetivo de este proyecto es analizar y comparar el impacto ambiental y económico de las dos 
opciones de mantenimiento, proporcionando la información necesaria para entender mejor los 
beneficios de la remanufacturación y para ayudar a escoger la opción de mantenimiento más 
adecuada. Para llevar a cabo el estudio del impacto ambiental se utiliza la metodología Análisis del 
Ciclo de Vida (LCA), ISO 14040. El estudio económico se desarrolla utilizando un modelo basado en la 
metodología Coste del Ciclo de Vida (LCC). 
Para la realización del análisis medioambiental, se han definido dos escenarios: 1) no utilizar 
rodamientos remanufacturados, y 2) utilizar rodamientos remanufacturados, a lo largo del ciclo de 
vida del vehículo. Los resultados obtenidos muestran cómo, a través de la utilización de rodamientos 
remanufacturados,  un 60% menos de materiales y energía primaria son utilizados; un 62% menos 
de residuos son generados, y cómo las emisiones a la atmósfera de sustancias nocivas como el CO2, 
NOx o SO2 se pueden reducir hasta el 65 %. 
Para la realización del análisis económico, tres alternativas diferentes se han considerado. La 
primera alternativa sólo tiene en cuenta el uso de nuevos rodamientos; la segunda considera la 
remanufactura de los cojinetes una sola vez; y la tercera alternativa, la remanufactura de los 
rodamientos dos veces, alcanzando así el límite de su vida útil. Los resultados obtenidos muestran 
cómo los costes de mantenimiento de los rodamientos durante el ciclo de vida del tren se pueden 
reducir un 23% si los rodamientos son remanufacturados una vez, y en un 30% si son 
remanufacturados dos veces, en comparación con el uso sólo de rodamientos de nueva 
manufactura. 
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CHAPTER 1  
Introduction 
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1. Introduction 
Rail vehicles or rolling stock have become one of the most commonly used modes of transport for 
passengers and goods, worldwide. From long distance high speed trains to urban transport systems 
such as tram or metro, the number of vehicles in operation has grown over the last decades. 
Rail vehicles are assets with a long service life; they are designed to be in operation for a period of 
30-35 years. To ensure their availability, reliability and safety, they must be kept in good working 
condition. Regular maintenance is the essential ingredient to achieve this. A rail vehicle will not 
survive for long in operation if it is allowed to deteriorate because of lack of maintenance.  
Two major concerns related with rail vehicles can be identified.  
On one hand, even though they are considered as a “clean” mode of transport in comparison with 
others such as cars or planes, the impact of rail vehicles on the environment is of big relevance. 
Great amount of resources are required not only to manufacture the vehicles, but also to maintain 
them over their operational life. Furthermore, a big amount of energy is required during their 
operation, and a lot of waste and emissions are generated.  
On the other hand, the costs related to a rail vehicle are of big concern for rail operators and vehicle 
owners. A big investment is needed to acquire a rail vehicle; however the major part of the total cost 
is spent in operating and maintaining the vehicle throughout its lifetime. Due to the increased 
competency generated by changes in the markets followed by the current economic instability, 
there is an increasing pressure to reduce costs whilst maintaining or enhancing service demand 
levels. 
One of the activities that can help the rail industry to counteract the above concerns is 
Remanufacturing. Remanufacturing, defined as an industrial process whereby used products are 
restored to useful life, is presented in this study as a maintenance solution with potential 
environmental and economic benefits that can help businesses to achieve their goals. 
Remanufacturing is an end-of-life option for used products. By remanufacturing, products or 
components are restored to as new condition through aftermarket manufacturing operations, saving 
energy and raw materials, as well as reducing waste and pollutants during the production process. 
Furthermore, remanufacturing may be desirable for the consumer from an economic point of view; 
it is generally much cheaper to purchase a remanufactured product rather than an entirely new one.  
 A wide range of products are being remanufactured world-wide such as automotive parts, machine 
tools, photocopiers, cellular phones and computers. In the rail vehicle industry, equipment such as 
brake-valves, wheelsets, dampers, bearings, diesel engines, turbochargers, air-conditioning, bogies, 
etc., are routinely remanufactured in order to back up the maintenance and refurbishment activities. 
 
1.1 Objectives of the project 
The project introduces the concept of remanufacturing as an end-of-life option for the wheelset 
bearings used in rail vehicles. Recognised benefits of such remanufacturing activities include rapid 
order fulfilment due to on-hand inventory and lower maintenance cost, but also a substantial 
reduction on the environmental impact, thanks to reducing materials used, energy, and the resulting 
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emissions to air and waste generated. Unfortunately, the above benefits are not documented for 
many items being remanufactured, including the wheelset bearings used in rail vehicles. 
The project has two principal objectives: 
1. To investigate the environmental benefits of using remanufactured wheelset bearings in rail 
vehicles compared with using new manufactured units. 
2. To investigate the potential cost savings related to the use of remanufactured wheelset 
bearings throughout the life cycle of a rail vehicle, compared with the use of new 
manufactured units. 
In order to fulfil these objectives, two differentiated methods are used in the study: 
First, the chosen method to document, understand and disseminate the environmental benefits of 
remanufacturing is to conduct a Life Cycle Assessment (LCA) for the wheel set bearings. LCA is a 
technique, validated by the standard ISO 14040, for assessing the environmental aspects and 
potential impacts associated with a product by compiling an inventory of relevant inputs and 
outputs of a system; evaluating the potential environment impacts associated with those inputs and 
outputs; and interpreting the results of the inventory and impact phases in relation to the objectives 
of the study. The study would require that LCAs be done on both the new and remanufactured 
versions of the wheel set bearing so the full environmental benefits from remanufacturing are 
captured. 
Second, the method used to estimate the cost savings related to the use of remanufactured wheel 
set bearings throughout the rail vehicle’s life cycle is to conduct a Life Cycle Cost (LCC). After 
analysing the maintenance requirements for rail vehicles’ wheel set bearings, an economic model 
based on the entire vehicle life cycle is developed. Then the options of using remanufactured or new 
manufactured wheel set bearings are compared. 
 
1.2 Structure of the project 
The project is divided in five main chapters. 
Chapter 1 presents a literature review and starts by introducing the concept of Life Cycle 
Management as a series of business actions towards sustainability. The chapter continues by 
introducing Remanufacturing as a product’s end-of-life option with potential environmental and 
economic benefits for both producer and consumer.  
Chapter 2 introduces the context of the project. Here, environmental and economic, as well as 
technical aspects of rail vehicles and wheelset bearings are described. The chapter ends with a 
description of the remanufacturing process of the wheelset bearings. 
Chapter 3 intends to fulfil the first objective of the project: the investigation of the environmental 
benefits of using remanufactured wheelset bearings in rail vehicles compared with using new 
manufactured units. The different steps of the methodology Life Cycle Assessment (LCA) are first 
described. Then, the method is applied to the chosen product, the wheelset bearing BT2-8690. 
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Chapter 4 covers the second objective of the project: the investigation of the potential cost savings 
related to the use of remanufactured wheelset bearings throughout the rail vehicle’s life cycle, 
compared with the use of new manufactured units. The methodology used is first described. Then, a 
case study is defined, taking as an example a specific rail vehicle widely used in the market.. 
Chapter 5 is the last part of the project. It compiles the results obtained from the analyses made in 
chapters 3 and 4.  
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2. Background 
This background chapter is a literature review and starts by introducing the concept of Life Cycle 
Management as a series of business actions towards sustainability. The chapter continues then 
presenting remanufacturing as a product’s end-of-life option with potential environmental and 
economic benefits 
2.1 Sustainability, Life Cycle Thinking and Life Cycle Management 
The concepts of life-cycle and sustainable development are key to understand life cycle thinking, and 
in extension, life cycle management. 
The life-cycle concept is an approach to products, processes and services and acknowledges that all 
life-cycle stages have environmental and economic impacts (Lingegard, 2012). This implies a holistic 
view of products, which emphasises that the effects of a decision at one point in the life-cycle can 
cause a series of impacts e.g. environmental, economic, quality, etc., on other stages.  
Sustainable development, defined by the World Commission on Environment and Development 
(WCED) as “the development that meets the needs of the present without compromising the ability 
of future generations to meet their own needs”, is an emerging and evolving concept increasingly 
used in today’s globalised business world. The concept includes three dimensions i.e. environmental, 
economic and social (UNEP/SETAC, 2007), which implies that industry has to expand the traditional 
economic focus to include environmental and social dimensions, in order to create a more 
“sustainable” business. 
2.1.1 Life Cycle thinking 
According to (UNEP/SETAC, 2007), life cycle thinking “is about going beyond the traditional focus on 
production site and manufacturing processes so to include the environmental, social, and economic 
impact of a product over its entire life cycle”.  
 
Through extending producer responsibilities 
and integrating policies, producers can be 
responsible for their products from cradle to 
grave. This can lead to develop products 
which have improved performance in all 
stages of the product life cycle as shown in 
Figure 1. 
 
The main goals of life cycle thinking are: 
• to reduce a product’s resource use and 
emissions to the environment,  
• improve the product’s socio-economic 
performance throughout its life cycle.  
 
 
 
 
Figure 1. A product life-cycle life cycle can begin with extracting 
raw materials from natural resources in the ground and 
generating energy. Materials and energy are then part of 
production, packaging, distribution, use, maintenance, and 
eventually recycling, reuse, recovery or final disposal. 
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2.1.2 Life Cycle Management 
Life Cycle Management (LCM) is an extension of Life Cycle Thinking. It is a product management 
system aiming to minimise environmental and socio-economic burdens associated with an 
organisation’s product or product portfolio during its entire life cycle and value chain (UNEP/SETAC, 
2009). LCM is making life cycle thinking and product sustainability operational for businesses 
through the continuous improvements of product systems. 
Organisations use LCM to support their goals of providing products or services which are as 
sustainable as possible. Organisations have seen this strategy lead to improvements in their image, 
stakeholder relations, shareholder value, as well as, awareness of and preparedness for changes to 
their regulatory contexts. 
There are some key drivers for implementing a LCM approach: 
• Corporate strategy 
• Market requirements 
• Increasing requirements from the financial sector 
• Global regulations 
LCM is not a single tool or methodology but a flexible integrated management framework of 
concepts, techniques and procedures incorporating environmental, economic, and social aspects of 
products, processes and organisations. It is voluntary and can be gradually adapted to the specific 
needs and characteristics of individual organisations. Examples of such tools are: 
• Life Cycle Assessment (LCA) 
• Life Cycle Costing (LCC) 
• Cost Benefit Analysis (CBA) 
• Material and Substance Flow analysis (MFA/SFA) 
• Input-Output Analysis (IOA) 
• Input Per Unit of Service (MIPS) 
• Cumulative Energy Requirements Analysis (CEPA) 
• Cleaner Production Assessment (CPA) 
• Risk Assessment (RA) 
• Audits 
Two life cycle management tools have been used for the purpose of this project: Life Cycle 
Assessment (LCA) and Life Cycle Costing (LCC). Such tools are briefly described below: 
Life Cycle Assessment (LCA)- LCA is a compilation and evaluation of the inputs, outputs and other 
interventions and the current or potential environmental aspects and impacts (e.g., use of resources 
and the environmental consequences of releases) throughout a product’s life cycle – from raw 
material acquisition through production, use, end-of-life treatment, recycling and final disposal 
(UNEP/SETAC, 2009). LCA can assist in: 
• Identifying opportunities to improve the environmental performance of products at various 
points in their life cycle 
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• Informing decision-makers in industry, government or non-governmental organisations (e.g., 
for the purposes of strategic planning, priority setting, and product or process design or 
redesign) 
• Selecting relevant indicators of environmental performance, including measurement 
techniques 
• Marketing (e.g., implementing an eco-labelling scheme, making an environmental claim, or 
producing an environmental product declaration). 
LCA then is a key tool for improving resource efficiency – it allows companies and other stakeholders 
to identify “hotspots” along the supply chain, as well as potential risks and opportunities for 
improvements. LCA’s broad scope ensures that tangible improvements are made as it measures 
effects across the life cycle so that it prevents the shifting of burdens to other types of 
environmental impacts/or other stages of the life cycle. 
LCA is one of several environmental management tools and might not be the most appropriate one 
to use in all situations. For instance, LCA typically does not address the economic or social aspects of 
a product, but life cycle thinking and corresponding methodologies can be applied to these other 
aspects. 
Life Cycle Costing (LCC) - It is a method of calculating the total cost of a product (goods and services) 
generated throughout its life cycle from its acquisition to its disposal, including design, installation, 
operation, maintenance, and recycling/disposal, etc. (UNEP/SETAC, 2009). 
LCC can be used for a wide range of different purposes. In general, the most common uses of LCC 
are selection studies for different products and design trade-offs, relating to both comparisons and 
optimisation. The construction industry is the main user of affordability studies, and cases from the 
energy sector often focus on the source selection for different services. Quite understandably, the 
public sector uses LCC mostly in sourcing decisions, while the private sector also uses LCC as a design 
support tool. 
 
2.2 Introduction to Remanufacturing  
The life-cycle of a product includes the phases of design, manufacturing, use, and end-of-life. Once a 
product reaches its end-of-life, the two conventional options or destinations for the product are 
landfilling or recycling. However, it is possible that some or all of its parts may be still in proper 
working condition. In that case, they may be used in a next generation of the product, recovering 
thus some of the embodied energy and materials and helping to save natural resources and reducing 
waste towards a greener environment. This process is known as remanufacturing. 
Subramoniam et all (2008) defines remanufacturing is “an industrial process whereby used products 
referred to as cores are restored to useful life”.  
A generic description of the remanufacturing process can be described as follows: the used products 
are collected from the disposer market and then they are transported to the remanufacturing plant 
where they are disassembled to the level of parts and components. The parts/components are 
thoroughly inspected, defective and worn out parts are repaired or replaced by new ones and then 
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they are reassembled to build up the remanufactured product, which is supposed to be ‘as-good-as-
new’. Technological upgrading of some parts or modules is also possible during the remanufacturing 
process. Figure 2 shows the generic remanufacturing process. 
 
Figure 2. A generic remanufacturing process 
 
A wide range of products are being remanufactured world-wide such as automotive parts, machine 
tools, photocopiers, cellular phones and computers. In the rail vehicle industry, equipment such as 
brake-valves, wheelsets, dampers, bearings, diesel engines, turbochargers, air-conditioning, bogies, 
etc., are routinely remanufactured in order to back up the maintenance and refurbishment activities. 
The incentives for remanufacturing are numerous and dependent on, for example, where the 
company is situated and which products are to be remanufactured. Three main incentives: 
• Market demand 
• Legislation 
• Environmental issues 
Two major benefits can be obtained from remanufacturing. As explained in the beginning of this 
section remanufacturing can save energy and raw materials, as well as reduce waste and pollutants 
during the production process. Furthermore, remanufacturing may be desirable for the consumer 
from an economic point of view; it is generally much cheaper to purchase a remanufactured product 
rather than an entirely new one.  
The two main objectives of this project include the investigation of the benefits explained above 
applied to the wheelset bearings used in rail vehicles, which is developed in the following chapters. 
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3. The use of wheelset bearings in rail vehicles 
3.1 Rail vehicles 
Rail vehicles or rolling stock are the type of vehicles that operate in the railway network. They have 
become one of the most commonly used modes of transport especially in developed areas.  
Generally speaking, rail vehicles can be classified in two categories – passenger vehicles and freight 
or cargo vehicles. The characteristics that distinguish the various classes of vehicles in operation on 
the network include maximum speed, number of vehicles which operate in formation, seating 
capacity, vehicle weight, vehicle length, coupling compatibility and operational flexibility. 
Rail vehicles are generally hauled by dedicated locomotives. However in the recent past, particularly 
for passenger vehicles, multiple units (MUs) have been applied. These have the advantage of having 
an overall shorter train set, allowing to accommodate passengers whilst providing power for any 
auxiliary units of the train. The most common power sources are diesel engines and electrical units. 
Passenger vehicles can be categorised depending on the market segment they intend to serve. Four 
categories exist, namely light rail (trams), metro (subway), heavy rail (general urban trains with top 
speeds of 100-160 km/h) and high speed trains (HST with top speeds of over 300 km/h).  
Freight vehicles are characterised by long train sets usually travelling at relatively low average 
speeds. Within Europe, the typical length of a public transportation train set is 200-650 m. However, 
recently there has been a push to increase the length to between 750 m and 1000 m. The maximum 
speed experienced on European railways is 120-160 km/h, with an average speed of only 30-40 
km/h. 
 
3.1.1 Life of rail vehicles  
Rail vehicles are assets with a long service life; generally, they are designed for a period of 30-35 
years. The different phases in which the rail vehicle can be categorised are: manufacturing, 
operation, maintenance, and disposal. 
The rail vehicles are built by expert manufacturers following specific industry and/or client 
requirements. Rail operators are normally the owners of the rail vehicles, and they are the 
responsible for their daily operation and maintenance. Maintenance of the vehicles is undertaken 
throughout their entire life, and it is crucial to ensure their availability, reliability and safety. 
According to Network rail (2011), a number of factors determine when a vehicle needs to be 
replaced and, conversely, whether its commercial life can be extended. These include: 
• technical – there will be a need to understanding whether a vehicle life can be extended 
technically. If it can then there will be a need to evaluate whether it makes sense 
commercially 
• economic – the operational and maintenance costs associated with a vehicle may make it 
less competitive than that of new, more modern rolling stock. The current condition of the 
vehicle may be such that it requires a high amount of investment in order to life extend it for 
a longer period of time. Any decision to extend the commercial life of a vehicle involves a 
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consideration of the relative value of deferring the replacement expenditure against the 
additional costs associated with extending its life 
• operational – the ability of the rolling stock to serve a particular market sector in terms of 
the operational coverage needs to be considered maintenance – the maintenance costs 
associated with older vehicles vary but can be higher or lower than some new vehicles. The 
availability of spares and the obsolescence of parts needs to be considered 
• performance – all vehicles need to contribute to service performance targets; if a vehicle is 
to be life extended, technology upgrades may be necessary. However this may require the 
use of bespoke sub-systems which can be high in cost 
• passenger aspirations – the needs and aspirations of passengers in any market sector change 
over time. The aspirations may be met by replacement vehicles or by refitting existing 
vehicles. 
 
3.1.2 Maintenance of rail vehicles 
To ensure the reliability, availability and safety of rail vehicles, they must be kept in good working 
condition. Regular maintenance is the essential ingredient to achieve this. A rail vehicle will not 
survive for long in operation if it is allowed to deteriorate because of lack of maintenance. Although 
maintenance has a significant cost over the rail vehicle life cycle, it will become more expensive to 
replace the failing equipment early in its life because of lack of maintenance. 
Maintenance of rail vehicle is a complex activity; the rail vehicle is composed of multiple systems and 
components, and they are structurally and economically interdependent. Scale effects are involved 
in their maintenance and renewal, while their degradation is often structurally related. 
Generally speaking, the maintenance of rail vehicles can be categorised in two types:  
• Corrective maintenance – it is the unscheduled maintenance activity, performed when a 
system or component fails or when defects are detected. 
• Preventive maintenance – it is done to keep the vehicle in good working order and to 
prevent in-service failures. Some vehicle components are overhauled on a schedule 
dictated by known failure rates and life cycle expectations. 
The time interval at which the preventive maintenance could be scheduled is dependent on both the 
life distribution of the components and the total cost involved in the maintenance activity. However, 
the corrective maintenance cannot be avoided when a random failure of component occurs. In 
general, more frequent preventive maintenance drives up the total maintenance costs for rolling 
stock. On the other hand, proper preventive maintenance can potentially reduce the risks associated 
with rolling stock mechanical failure. Thus, railway operators, as main responsible for the operation 
and maintenance of the vehicle fleet, are constantly left weighing the safety risks against the 
maintenance costs. 
Butler (2009) gives a brief explanation of the main maintenance activities that are performed 
throughout the rail vehicle’s life: the body of the vehicle and interior fittings usually require 
refurbishment at the half-life refit, assuming no damage occurs from misuse or a collision. The 
running gear will require more frequent remanufacture, and is normally serviced at a fixed mileage 
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interval. Heavy overhaul is usually carried out at between 400,000 and 900,000 miles, depending on 
the vehicle. This involves removal of the bogies for complete strip down and remanufacture of all 
systems. The engine or motor and transformer will also need to be removed and remanufactured at 
similar intervals. 
A bogie is the part of a vehicle that houses the wheel and axles, suspension, breaking system and in 
some cases the traction motor. There are usually two bogies on each vehicle, with two sets of 
wheels on each bogie. The bogies are free to rotate on the chassis of the vehicle to allow it to 
negotiate corners. In the past, the contact surface of a wheel would be re-tyred at overhaul, but the 
current practice is to grind the wheel to recover the finish without re-tyring. This means that each 
wheel has a finite number of lifecycles, after which it will be stripped off its axle and recycled. All 
other major components of the bogie will be remanufactured repeatedly, and will most likely last for 
the entire lifetime of the vehicle. Only small items such as gaskets and bolts will be renewed as a 
matter of course. 
At 5-8 years most vehicles will receive a major overhaul, during which systems such as doors and 
electronics will be serviced, possibly replaced, to bring the vehicle up to current standards and avoid 
issues of obsolescence. An even more comprehensive service will be undertaken at 15-20 years 
(half-life), where interiors will be completely replaced; the interior will not be remanufactured, as 
customers have increasing expectations of comfort and facilities. 
3.1.3 Environmental aspects of rail vehicles 
As Figure 3 shows, rail vehicles give raise to considerable environmental impact through their life 
cycle (from manufacturing to operation, maintenance, and disposal), for instance in the form of 
pollution and consumption of natural resources.  
 
Figure 3. Overview of the environmental impact of rail vehicles 
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An environmental study related to rail vehicles has been found in the literature. Bombardier 
Transportation (2011) shows some detailed information of the environmental performance of the 
vehicle electric multiple unit model SPACIUM throughout its life cycle.  
Based on an eight-car vehicle used for 40 years, the total amount of material needed for its 
manufacturing is higher than 242 Tonnes, being metals the most used material (209 Tonnes), 
followed by plastics (20 Tonnes) and glass (5.5 Tonnes). During the operation of the vehicle, systems 
and components are maintained. This includes an extra amount of resources needed in the 
manufacturing of the spare components: 131 Tonnes of metals plus other 20 Tonnes of plastic and 5 
Tonnes of glass. 
Although the study claims that the vehicle design includes a projected recyclability and recoverability 
rates of 93 % and 98 % by weight respectively, figures above show clearly the amount of resources 
utilised for the manufacturing of a single vehicle.  
The carbon footprint of a passenger travelling for one km on the SPACIUM train is compared with 
other modes of transport. The carbon footprint is the result of an allocation of the total amount of 
greenhouse gases (GHG) emitted over all phases of the vehicle life cycle.  
The total CO2 emissions of the SPACIUM over its life cycle are 4.7 grams CO2 equivalents per 
passenger-km, being the major part of this emission produced during the operation phase of the 
vehicle. According to the study, the emissions presented by the rail vehicle are significantly lower 
than the ones presented in cars (80 grams CO2 equiv./passenger-km) or bus (15 grams CO2 
equiv./passenger-km).   
As far as the waste generated throughout its life cycle is concerned, a total amount of 0.872 
kg/passenger-100 km has been calculated. 
 Initiatives to reduce the environmental impact 
Different initiatives have been introduced in the rail vehicle industry in order to reduce its 
environmental impact, driven by the increase concerns of society in this respect: 
• Reducing energy consumption, by 
o Better aerodynamic design 
o More efficient engines 
o Introducing idling reduction systems 
o Reducing weight 
o Increasing capacity 
o Optimisation of operations 
o Improving driving practices 
• Reducing resources used by 
o using recycled materials 
o extending the life of rail vehicles 
• Reducing noise by 
o Using new suspension systems 
• Recovering energy from brake systems 
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3.1.4 Economic aspects of rail vehicles 
The cost of rail vehicles over their life cycle comprises of a combination of design, construction, 
operation, maintenance and disposal costs. The costs of rail vehicles vary according to the class of 
vehicle; nevertheless, “the costs associated with an electric vehicle are distinctly lower than that of 
an equivalent diesel vehicle” (Network Rail, 2011). 
The procurement costs of rolling stock is dependent on a number of factors, particularly, the vehicle 
class and traction type. External factors such as exchange and funding rates also have an influence. 
The cost of rolling stock has varied considerably in recent years. The study made in the UK (Network 
Rail, 2011) shows that between 1998 and 2007 there were 4,648 vehicles ordered with an average 
cost per vehicle approximately of €1.4m. “However, the inflation and exchange rate changes have 
had an effect, and other studies suggest that a range per vehicle of €1.2m – 1.6m would be the 
current situation (in 2011)”. 
Nevertheless, when analysing the total cost of ownership of a rail vehicle it is noticed that 
procurement costs represent a small part of it. The costs incurred during the 30-35 years of 
operation are significantly higher, and have to be taken into consideration in the initial investment 
estimations. An analogy of this situation can be found in Figure 4, which illustrates the impact that 
hidden costs can have when a whole perspective is not considered. 
Rolling stock maintenance costs 
are dependent upon a number of 
factors such as the class, traction 
type and age of vehicle (Network 
Rail, 2011). Electric vehicles have 
a lower maintenance cost than 
diesel vehicles. The frequency of 
maintenance is lower for electric 
vehicles, and this in turn gives 
higher vehicle availability, i.e. the 
ratio of the number of vehicles 
available to operate the service 
to the total number of vehicles in 
the fleet. 
 
 
Figure 4. The hidden costs of products. The iceberg analogy. 
 
According to the consultancy company Oliver Wyman, the sum of costs of maintenance activities 
and energy used during the vehicle’s operation may account for approximately 80 per cent of the 
total life cycle cost. 
The disposal phase is when the vehicle is dismantled and the different components and materials 
are disposed in the best efficient way. The disposal costs represent an insignificant cost compared 
with the total vehicle life cycle cost. 
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 Initiatives to reduce costs  
The initiatives that are being considered in order to reduce costs are mainly focused on reducing the 
energy consumption during the operation, by improving aerodynamic or the traction systems, 
reducing weight or recovering energy from brake systems amongst other, and on optimising 
operations and maintenance strategies.   
3.2 The wheelset bearings used in rail vehicles 
This section includes a description of the bearing unit used in this study for the environmental and 
economic analysis. Then, a brief explanation of how the expected life of the bearing is calculated in 
the design phase is provided, and finally the bearing remanufacturing process is detailed. 
Wheelset bearings are some of the most critical mechanical components of rail vehicles due to their 
direct impact on the safety, reliability and service life of the vehicle. They are the link between the 
wheels and the car body and their function is to bear all the load of the vehicle, minimising the 
friction between the axlebox and the wheel axle. 
These bearings are designed to operate in very tough running conditions and can be used in many 
different types of rail vehicles, such as high-speed trains, locomotives, freight cars, passenger 
coaches, metro cars and light rail vehicles.  
Generally speaking, bearings can be mounted with different types of rollers i.e. cylindrical, spherical 
or tapered, being their choice defined by their application. 
3.2.1 The tapered roller bearing BT2-8690 
The bearing analysed in this study is a tapered roller unit, with a commercial designation BT2-8690. 
The bearing is a double row tapered roller bearing with one outer ring, and two inner rings with 
roller and cage assemblies. It is assembled with a spacer ring which provides the correct axial 
clearance, and two rubber-steel seals that ensure grease retention and protection from pollution. A 
backing ring correctly positions the unit axially on the journal.  
A picture with an example of compact tapered roller bearing is shown in Figure 5, and all the bearing 
components with some of their technical characteristics are listed in Table 1. 
 
Figure 5. The compact tapered roller bearing 
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Components Units Weight (kg) Total weight (kg) Material Dimensions (mm) 
Outer Ring 1 10.5 10.5 Steel 230 x 130 
Inner Ring 2 4.67 9.34 Steel 130 x 54 
Polymer cage 2 0.128 0.128 Polyamide PA66 180 
Rollers 42 0.145 6.09 Steel 40 x 17 
Spacer ring 1 0.612 0.612 Steel 130 x 9 
Internal seal 1 0.4 0.4 Rubber-steel 205 
External seal 1 0.4 0.4 Rubber-steel 205 
Backing ring 1 0.95 0.95 Steel 210 
Polymer spacer 2 0.085 0.170 Polyphthalamide 205 
Grease 1 0.2 0.2 Grease - 
Table 1. Compact tapered roller bearing components 
The chart below shows the material composition of the analysed compact tapered roller bearing. It 
can be noticed that steel is the predominant material. 
 
Figure 6. Materials composition of the compact tapered roller bearing 
 
3.2.2 The life of a bearing 
A bearing cannot rotate for ever. Even when the operating conditions are ideal and the fatigue load 
limit is not reached, sooner or later material fatigue will occur. Bearing life refers to the amount of 
time any bearing will perform in a specified operation before failure, and its calculation method is 
established by the industry standard ISO 281:2007.  
Bearing life is commonly defined in terms of L10 life. This is the life which 90% of identical bearings 
subjected to identical usage applications and environments will attain (or surpass) before bearing 
material fails from fatigue. According to the standard ISO 281:2007, the bearing’s calculated L10 life 
is primarily a function of the load supported by (and/or applied to) the bearing and its operating 
speed, together with the interdependent factors of lubrication, contamination, and fatigue stress 
limit of the bearing material. 
Steel
98%
Polymer
1%
Grease
1%
Bearing materials composition %
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Lubrication condition refers to the level of viscosity of the lubricant in the bearing.  The use of 
lubricant is essential for the correct performance of the bearing, ensuring the minimisation of 
friction among the different components and avoiding the overheating of the bearing.  
Even though the wheelset bearing used in rail vehicles contain seals to protect their interior from 
contamination, this may occur in several occasions. Contaminant particles create stress, and they 
also create pits with rims, something like the impact craters on the moon (STLE, 2010). When a 
following roller passes over the rim, it creates additional stress in the underlying material. If 
contaminant particles are small enough or the material hard enough to prevent pits, the 
contamination effect is slight but once pits start happening, bearing life nosedives. 
The fatigue stress limit is the load where the fatigue of the bearing material is just reached (STLE, 
2010).  
Unfortunately it sometimes happens that a bearing does not attain its calculated rating life. There 
may be many reasons for this – heavier loading than has been anticipated, inadequate or unsuitable 
lubrication, careless handling, ineffective sealing, or fits that are too tight, with resultant insufficient 
internal bearing clearance (SKF, 1994). Each of these factors produces its own particular type of 
damage and leaves its own special imprint on the bearing. Consequently, by examining a damaged 
bearing, it is possible, in the majority of cases, to form an opinion on the cause of the damage and to 
take the requisite action to prevent a recurrence. 
 
3.2.3 Types of bearing damages 
Each of the different causes of bearing failure produces its own characteristic damage. Such damage, 
known as primary damage, gives rise to secondary, failure-inducing damage – flaking and cracks 
(SKF, 1994). Even the primary damage may necessitate scrapping the bearings on account of 
excessive internal clearance, vibration, noise, and so on.  
The types of damage may be classified as follows in Table 2 (SKF, 1994). 
Wear In normal cases there is no appreciable wear in rolling bearings. Wear 
may, however, occur as a result of the ingress of foreign particles into 
the bearing or when the lubrication is unsatisfactory. Vibration in 
bearings which are not running also gives rise to wear. 
Indentations Raceways and rolling elements may become dented if the mounting 
pressure is applied to the wrong ring, so that it passes through the 
rolling elements, or if the bearing is subjected to abnormal loading 
while not running. Foreign particles in the bearing also cause 
indentations. 
Smearing When two inadequately lubricated surfaces slide against each other 
under load, material is transferred from one surface to the other. This is 
known as smearing and the surfaces concerned become scored, with a 
“torn” appearance. 
When smearing occurs, the material is generally heated to such 
temperatures that re-hardening takes place. This produces localised 
stress concentrations that may cause cracking or flaking. 
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Surface distress If the lubricant film between raceways and rolling elements becomes 
too thin, the peaks of the surface asperities will momentarily come into 
contact with each other. Small cracks then form in the surfaces and 
these are known as surface distress. 
If the lubrication remains satisfactory throughout, i.e. the lubricant film 
does not become too thin because of lubricant starvation or viscosity 
changes induced by the rising temperature or on account of excessive 
loading, there is no risk of surface distress. 
Corrosion Rust will form if water or corrosive agents reach the inside of the 
bearing in such quantities that the lubricant cannot provide protection 
for the steel surfaces. This process will soon lead to deep seated rust. 
Another type of corrosion is fretting corrosion. 
Electric current damage When an electric current passes through a bearing, i.e. proceeds from 
one ring to the other via the rolling elements, damage will occur. At the 
contact surfaces the process is similar to electric arc welding. 
The material is heated to temperatures ranging from tempering to 
melting levels. This leads to the appearance of discoloured areas, 
varying in size, where the material has been tempered, re-hardened or 
melted. Small craters also form where the metal has melted. 
The passage of electric current frequently leads to the formation of 
fluting (corrugation) in bearing raceways. Rollers are also subject to 
fluting, while there is only dark discolouration of balls. 
Flaking Flaking is noticed when there are heavily marked path pattern in 
raceways of both rings. 
Flaking occurs as a result of normal fatigue, i.e. the bearing has reached 
the end of its normal life span. The causes of premature flaking may be 
heavier external loading than had been anticipated, preloading on 
account of incorrect fits or excessive drive-up on a tapered seating, oval 
distortion owing to shaft or housing seating out-of-roundness, axial 
compression, for instance as a result of thermal expansion. Flaking may 
also be caused by other types of damage, such as indentations, deep 
seated rust, electric current damage or smearing. 
Cracks Cracks may form in bearing rings for various reasons. The most 
common cause is rough treatment when the bearings are being 
mounted or dismounted. Hammer blows, applied direct against the ring 
or via a hardened chisel, may cause fine cracks to form, with the result 
that pieces of the ring break off when the bearing is put into service. 
Excessive drive up on a tapered seating or sleeve is another cause of 
ring cracking. The tensile stresses, arising in the rings as a result of the 
excessive drive-up, produce cracks when the bearing is put into 
operation. The same result may be obtained when bearings are heated 
and then mounted on shafts manufactured to the wrong tolerances. 
The smearing described earlier may also produce cracks at right angles 
to the direction of slide. Cracks of this kind produce fractures right 
across the rings. 
Flaking, that has occurred for some reason or other, acts as a fracture 
notch and may lead to cracking of the bearing ring. The same applies to 
fretting corrosion. 
 
 
Cage damage If, on examination of a failed bearing, the cage is found to be damaged, 
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it may in many cases prove difficult to ascertain the cause. Usually 
other components of the bearing are damaged too and this makes it 
even more difficult to discover the reason for the trouble. However, 
there are certain main causes of cage failure, viz. vibration, excessive 
speed, wear and blockage. 
Table 2. Bearing types of damages 
 
3.3 The Remanufacturing of wheelset bearings 
The remanufacturing of wheelset bearings has been in practice for several years. As seen in Section 
2.2, remanufacturing is the process “whereby used products referred to as cores are restored to 
useful life” (Subramoniam, Huisingh, & Chinnam, 2008). 
When a bearing is damaged, the entire operation can suffer significantly, resulting in additional 
costs, lengthened maintenance work schedules, unnecessary downtime and extended on-time-
delivery to final customers. In most heavy industrial applications, bearings are removed from service 
before they have reached their full useful and economic life. Bearing remanufacturing can be an 
effective way to extend the life of the bearing further along its theoretical bearing life, making it an 
economical alternative to purchasing new. 
The graphic in Figure 7 represents how the operational bearing life of the bearing can be extended 
through remanufacturing. The experience gained over the last years in the railway industry has 
shown that a successfully repaired bearing can run a life cycle comparable to that of the first cycle of 
the new manufactured bearing. Growing popularity of remanufacturing programs in heavy 
industries, e.g. wind farms or mills, shows an increased understanding of the significant value, both 
in time and cost, compared to replacing bearings. 
 
Figure 7. Bearing life extension through remanufacturing 
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3.3.1 Roller bearing remanufacturing steps 
The first step in the remanufacturing process is the bearing disassembly. By using hand tools, the 
two seals are removed and the two cones and the spacer ring are extracted from the outer ring. 
Seals and polymer spacers are not inspected, so they are removed and sent out for recycling or 
disposal, together with the grease. Then, all the remaining components are put in a metallic basket 
and sent to the washing machine. 
All components are thoroughly washed before they go further into the process. The washing is 
carried on in an industrial washing machine, which cleans the components using hot water with 
detergent applied at a high pressure. Dirty water and grease sludge is then collected from the 
washing machine and sent to special waste treatment. 
Backing rings are sent to the sand blasting machine, where rust and surface defects are removed by 
blasting sand grit at a high pressure. 
Once the bearing components have been washed and degreased, they are put together in metallic 
baskets and sent to a coating tank. In the coating tank the components are sunk into a chemical 
product which gives them an anti-rust surface protection before they are sent to the inspection line. 
In the inspection line, bearing components are inspected visually and dimensionally in order to 
detect any possible alteration in the dimensions or any damage such as stains, acid etching or 
corrosion pitting. Special lighting, lens and hand tools are used during the visual inspection. During 
the dimensional inspection, inner and outer diameters as well as width and height of the 
components are measured. All the measurements and inspections are documented in a database. 
The last step in the inspection process is the axial clearance measurement. Here, the cones 
(composed of the inner ring, polymer cage and rollers) are mounted into the outer ring together 
with the spacer ring, and are placed in a special designed measuring tool that rotates the bearing 
under a certain load, measuring the axial clearance. Before this process, the bearing components are 
coated with a lubrication liquid to ensure they do not take any damage during the rotating. After this 
operation the components are taken apart again. 
At the end of the inspection process, if all the bearing components meet the requirements, the 
bearing is marked and approved to be assembled in order to be reutilised. The components that 
were removed from the used bearing at the beginning of the process (grease, polymer spacers and 
steel-rubber seals) are replaced for new ones and assembled together with the inspected 
components. 
The first step in the assembly process is to grease the bearing unit. The grease has to be injected in 
the space between the outer and inner rings and in between the rollers. An automatic pump is used 
to ensure that the right amount of grease is injected in both sides of the bearing unit. After greasing, 
the new manufactured seals and polymer spacers are put together, and the bearing is assembled 
using a hydraulic press. 
In the last step of the remanufacturing process, the sand blasted backing ring is packed together 
with the bearing unit and they are shipped back to the customer’s train maintenance facility in the 
UK. The flowchart in Figure 8 shows the steps of the bearing remanufacturing process explained 
above. 
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Figure 8. Bearing remanufacturing process flowchart 
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CHAPTER 4   
Assessment of the environmental impact of wheelset bearings 
 
 
 
 
 
 
 
 
 
The remanufacturing of wheelset bearings: a life cycle approach January 2013 
 
 
Supervisor: Carles Serrat i Piè 44 Project author: Tekij Fernández Sunyer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The remanufacturing of wheelset bearings: a life cycle approach January 2013 
 
 
Supervisor: Carles Serrat i Piè 45 Project author: Tekij Fernández Sunyer 
 
4. Assessment of the environmental impact of wheelset bearings 
The objective of this chapter is investigate the environmental benefits of using remanufactured 
wheelset bearings in rail vehicles compared with using new manufactured units. The methodology 
used for that purpose (Life Cycle Assessment) is described, according to the standard ISO 14040. Then 
the method is applied to the chosen product, the wheelset bearing BT2-8690. 
4.1. Method description – Life Cycle Assessment (LCA) 
Life Cycle Assessment (LCA) is a methodology, implemented by the International Organisation of 
Standardisation (ISO) for assessing the environmental impact of a product across its life cycle. The 
LCA principles and framework are described by the ISO 14040:2006 (ISO14040, 2006), providing an 
overview of the practice and its applications and limitations. 
The LCA process is a systematic, phased approach, which involves tracing out the major stages and 
processes involved over lifecycle of a product/process/system covering raw materials extraction, 
manufacturing, product use, recycling and final disposal, identifying and quantifying relevant 
environmental impacts at each stage.  
The framework is composed of four components: goal definition and scoping, inventory analysis, 
impact assessment, and interpretation (SAIC, 2006), as illustrated in Figure 9:  
1. Goal Definition and Scoping - Define and describe the product, process or activity. Establish 
the context in which the assessment is to be made and identify the boundaries and 
environmental effects to be reviewed for the assessment.  
2. Inventory Analysis - Identify and quantify energy, water and materials usage and 
environmental releases (e.g. air emissions, solid waste disposal, waste water discharges).  
3. Impact Assessment - Assess the potential human and ecological effects of energy, water, and 
material usage and the environmental releases identified in the inventory analysis.  
4. Interpretation - Evaluate the results of the inventory analysis and impact assessment to 
select the preferred product, process or service with a clear understanding of the 
uncertainty and the assumptions used to generate the results.  
 
Figure 9. Life Cycle Assessment framework ISO 14040 
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1. Goal and Scope 
Goal definition and scoping is the phase of the LCA process that defines the purpose and method of 
including life cycle environmental impacts into the decision-making process. In this phase, the 
following items must be determined (SAIC, 2006): the type of information that is needed to add 
value to the decision-making process, how accurate the results must be to add value, and how the 
results should be interpreted and displayed in order to be meaningful and usable. 
This phase has an important impact on the study as it will determine the time and resources needed, 
and it will guide the entire process to ensure that the most meaningful results are obtained. 
1.1 Goal of the study 
The goal definition is the first phase of the LCA. During this phase the decision-context and intended 
application(s) of the study are identified and the targeted audience shall be defined. 
1.2 Scope of the study 
The scope definition is based on the goal definition. During this phase the object of the study, i.e. the 
exact product or other system to be analysed, shall be identified and defined in detail. Then, the 
requirements on methodology, quality, reporting, and review are derived in accordance with the 
goal of the study. 
According to ISO 14040 (ISO14040, 2006) the following items shall be considered and clearly 
described in the scope definition: 
• Options to model: it includes the identification and definition of the product or system to be 
analysed. 
• System overview flowchart: it includes the definition of a flowchart, where all the details of 
the life cycle are included. 
• Functional unit: it is a quantitative unit and corresponds to a reference flow to which all 
other modelled flows of the system are related. 
• Impact categories and method for impact assessment: It is necessity to define which 
environmental impacts to take into account in the study. These environmental impacts are 
defined depending on the consequences that could be cause by the input and outputs 
streams of a system on human health, plants, and animals, or the future availability of 
natural resources. 
As various impact assessment methods have been developed by different organisations, e.g. 
CML2001, CED, CExD, Eco-indicator 99, etc, it is necessary to define which one is considered in the 
study.  
• System boundaries: it includes the determination of which unit process shall be included in 
the study. According to Bauman & Tillman (2004) the system boundaries need to be 
specified in several dimensions: 
o Boundaries in relation to natural systems, 
o Geographical boundaries, 
o Time boundaries, 
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o Boundaries within the technical systems   
• Data quality requirements: it includes the definition of the level of quality necessary for the 
data to be collected during the study, in terms of relevance, reliability and accessibility. 
• Assumptions and limitations of the study: it is related to the goal definition, and it includes 
the description of the assumptions and limitations of the study.  
 
2. Life Cycle Inventory 
The Life Cycle Inventory (LCI) phase is described by SAIC (2006) as the process of quantifying energy 
and raw material requirements, atmospheric emissions, waterborne emissions, solid wastes, and 
other releases for the entire life cycle of a product, process, or activity. 
Activities of the life cycle inventory (LCI) include: 
1. The construction of a flowchart according to the system boundaries 
2. Data collection for all the activities in the product system followed by documentation of 
collected data.  
3. Calculation of the environmental loads of the system in relation to the functional unit. 
The result of a LCI is a list containing the quantities of pollutants released to the environment and 
the amount of energy and material consumed. 
The Inventory Analysis is usually the most time consuming part of the study. Usually it is impossible 
to follow each single flow from the cradle and to the grave, and therefore limitations must be set. It 
is very important that the person setting the limitations has sufficient knowledge to decide which 
flow can be cut off without influencing the final result. 
3. Life Cycle Impact Assessment  
The aim of the Life Cycle impact Assessment phase is to describe the environmental consequences of 
the environmental load quantified in the inventory analysis (Bauman & Tillman, 2004). Through this 
process, the environmental loads from the inventory analysis are “translated” into the 
environmental impacts defined in the goal and scope phase of the study, e.g. global warming, 
eutrophication, acidification, etc. 
According to ISO 14040, the LCIA phase shall include the following mandatory elements: 
1. Selection of impact categories, category indicators and characterisation models. A definition 
of the environmental categories used in this study can be found in Appendix C. 
2. Assignment of LCI results to the selected impact categories (classification), e.g. carbon 
dioxide emissions can be classified into the global warming category.  
3. Calculation of category indicators results (characterisation). In this phase, science-based 
conversion factors, called characterisation factors, are used to convert and combine the LCI 
results into representative indicators of impacts to human and ecological health. 
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4. Life cycle interpretation 
Life cycle interpretation is the last phase in the LCA process. SAIC (2006) defines this phases as a 
systematic technique to identify, quantify, check, and evaluate information from the results of the 
LCI and the LCIA, and communicate them effectively. 
According to ISO 14040 (ISO14040, 2006), the interpretation phase shall include the following 
elements:  
1. Identification of the significant issues based on the LCI and LCIA.  
2. Evaluation which considers completeness, sensitivity, and consistency checks.  
3. Conclusions, recommendations, and reporting.  
The objective of the completeness check is to ensure that all relevant information and data needed 
for the interpretation is available and complete. If any relevant information is missing the LCA 
practitioner should repeat earlier steps or alternatively the goal and scope should be adjusted. The 
objective of the sensibility check is to ensure the reliability of the final results and conclusions by 
determine whether they are affected by uncertainties in the data or the allocation methods used. 
In the consistency check it is examined if the assumptions, methods and data are consistent with the 
goal and the scope. If the study is used to support a comparative assertion that is disclosed to the 
public, a critical review by an external reviewer must be performed. 
 
4.2. Application of the LCA method 
In this section the LCA methodology is applied to analyse and compare the environmental properties 
of a new manufactured and a remanufactured compact tapered roller bearing, used in the railway 
industry. 
4.2.1 Goal and scope 
4.2.1.1 Goal of the study 
The purpose of this study is to investigate and compare the environmental properties of a new 
tapered roller bearing and a remanufactured tapered roller bearing, from a life cycle perspective. 
The study will identify the parameters and processes within the life cycle that cause major 
environmental impact in both products, and then they will be compared in order to determine the 
potential benefits of one product against the other. 
The study is intended to provide environmental information about the production of compact 
tapered roller bearings and remanufacturing services both to SKF and to any potential customer.  
The reasons for carrying out the study are essentially for a commercial use:  
• To analyse the environmental properties of the wheelset bearings used in rail vehicles. 
• To promote the bearing remanufacturing service, by quantifying and comparing its 
environmental benefits against the impacts of using of a new manufactured bearing. 
The remanufacturing of wheelset bearings: a life cycle approach January 2013 
 
 
Supervisor: Carles Serrat i Piè 49 Project author: Tekij Fernández Sunyer 
 
 
4.2.1.2 Scope of the study 
The study tries to investigate and compare the environmental properties of a new tapered roller 
bearing and a remanufactured tapered roller bearing, from “cradle-to-grave”.  
Product definition 
The product to be analysed is a specific bearing used in the railway industry, with a commercial 
designation: BT2-8690.  
The function of the tapered roller bearing is to allow the motion to the train wheels’ shaft, by 
minimising the resistance between the shaft and the train body. 
It is one of the most critical components due to its importance for the safety, reliability and service 
life of the train. The tapered roller bearing is designed to operate in very tough running conditions 
and can be used in many different types of rail vehicles, such as high-speed trains, locomotives, 
freight cars, passenger coaches, metro cars and light rail vehicles. 
The bearing is a double row tapered roller bearing with one outer ring, and two inner rings with 
roller and cage assemblies. It is assembled with a spacer ring which provides the correct axial 
clearance, and two rubber-steel seals that ensure grease retention and protection from pollution. A 
backing ring correctly positions the unit axially on the journal.  
A picture with an example of compact tapered roller bearing is shown in Figure 10. The description 
of the bearing with all its components and technical characteristics are included in Section 3.2. 
 
 
 
Figure 10. The compact tapered roller bearing 
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Initial flowchart 
An initial flowchart has been prepared to model the product system to be studied (Figure 11). The 
flowchart shows the initial system boundaries of the study, and the activities/processes that are 
included in this study. The system is composed of four subsystems defined and referred to as 
followings: 
• Manufacturing phase: It includes all the processes from the raw material production (e.g. 
steel) to the manufacturing of the components and the final bearing assembly. 
• Remanufacturing phase: It includes all those processes and activities necessaries for the 
remanufacturing of the bearing.  
• Use phase: It includes the processes comprised from distribution of the product from the 
factory gate to customers, to the application of the product (mounting and dismounting the 
bearing on the train wheel set). 
The impact of the loss of power due to the bearing friction, in the bearing operational phase, 
is not considered in this study. 
• End-of-life: It includes the processes that are needed for the treatment or disposal of the 
product after its service life (recycling, landfill disposal, etc.). 
 
 
Figure 11. Initial flowchart; technical system 
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Functional unit 
The functional unit used in this study is: the use of one rotating element (compact tapered roller 
bearing) mounted on the wheel shaft of a train during 3.000.000 km. 
The considered distance is based on the basic rating life of the bearing according to ISO 281:1990, 
which represents the actual bearing life before it fails.  However, the bearing life depends on 
different factors, e.g. lubrication condition, misalignment, etc., and for this reason it needs to be 
maintained every 1.2 M km. 
The analysis and comparison of both products’ environmental properties are based on two defined 
scenarios (Figure 12), which have been designed according to the maintenance intervals of the axle 
bearings mounted in an electric passenger rail vehicle. 
The first scenario considers the use of only new manufactured wheel set bearings within the defined 
life cycle. Thus the bearing is exchanged by another new manufactured bearing, scrapping the used 
one, every 1.2 M km until reaching 3 M km.  
The second scenario considers the remanufacturing of the wheel set bearing. The bearing is re-used 
after its remanufacturing every 1.2 M km, and the bearing is scrapped when it reaches 3 M km.  
 
Figure 12. Life Cycle Assessment scenarios 
 
Environmental impact categories 
The following environmental impact categories are selected and assessed in this study: 
• Global Warming Potential – (GWP) 100 years 
• Acidification Potential (AP) 
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• Eutrophication Potential (EP) 
• Ozone layer Depletion Potential – (ODP) 20 years 
• Photochemical Ozone Creation Potentials (POCP) 
• Abiotic Depletion Potential (ADP) 
A description of the environmental categories above can be found in Appendix C. 
 
System boundaries 
The system boundaries determine the unit processes to be included in the study. In this study, the 
system boundaries are defined according to ISO 14040 about LCA.  
The system boundaries for this study are expressed in the following four dimensions: 
• Boundaries in relation to natural system 
• Time boundaries 
• Geographical boundaries 
• Boundaries within the technical systems 
 
Boundaries in relation to natural system - The study is intended to analyse the compact tapered 
roller bearing from cradle to grave with both being the natural system. Where possible, resources 
used and emissions generated are traced back to the natural system as an elementary flow.  
The steel used for the production of the components comes from recycling, and is returned to the 
technical system instead of the natural system. Waste to landfill is not traced to the grave as an 
elementary flow but as a non-elementary outflow. 
Time boundaries - All data gathered from SKF internal processes as well as from suppliers are based 
on production and consumption in the years 2011 and 2012. However, information related to the 
production of the steel-rubber seals and the grease, have been obtained from previous SKF studies, 
from 2010. 
Gabi database 2011 has been the source of information for those activities and processes in which 
primary data has not been possible to obtain. 
Geographical boundaries - The different components of the new compact tapered roller bearing are 
produced in the locations described below, and then finally assembled together in Italy. The 
remanufacturing of the remanufactured compact tapered roller bearing is done in the United 
Kingdom. 
The steel for the outer and inner rings, as well as for rollers is produced in Sweden, made from steel 
scrap sourced from different Baltic countries. The production of the rings takes place in Italy, and the 
rollers are produced in Germany. The backing ring is manufactured in Italy, from recycled steel 
produced in the same country. 
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The raw material for the polymer cages is produced in the Netherlands and the cages are eventually 
produced in Germany.  
The central spacer ring is the only component that is not produced in Europe. The steel production 
as well as the complete manufacturing of the ring takes place close to Beijing, in China. 
As stated before, all the manufactured components are sent to a facility in Italy, where some of 
them receive a final treatment, and then are assembled together, forming a new manufactured 
tapered roller bearing unit. 
The remanufactured tapered roller bearing is produced in a remanufacturing facility located in the 
UK. As the chosen product is an application of an electric passenger railway vehicle from the UK, the 
use-phase, which includes the distribution of the remanufactured bearing and the 
mounting/dismounting of the bearing on the train, takes place in the same country.  
Boundaries within the technical systems - The LCA is conducted as a cradle to grave scenario, which 
is decisive for the boundaries of the technical system. Thus, the technical system considers all those 
processes included from obtaining and producing the raw materials, to all the manufacturing 
activities, use phase and end-of-life of the product. The treatment processes for solid, liquid and 
gaseous wastes found all along the life cycle, e.g. steel recycling, incineration, are included in the 
technical system whenever possible. 
Production and maintenance of capital equipment such as machinery, tools and buildings are not 
included in the scope of this study. 
Transport will be modelled using transport data stored within the Gabi software however specific 
parameters will be altered. These are; distance travelled, total capacity, payload capacity, 
percentage fill, fuel type and in the case of waterway transport, deadweight tonnage. 
As stated before in this section, the use-phase includes the activities of mounting and dismounting 
the bearing to and from the rail vehicle. The impact of the loss of power due to the bearing friction, 
in the bearing operational phase, is not considered in this study. The packaging of the bearing and its 
components throughout the life cycle is not included. 
Data collection 
Visits to Italy and UK manufacturing facilities to collect site specific data have been performed. 
During on-site visits, interviews have been conducted with a production expert to collect all 
environmentally relevant data for that particular unit process. These visits have been followed up by 
regular communication using telephone and email.  
Due to time constraints it has not been possible to visit the site in Germany, for on-site discussions. 
Data has been collected from this site only using telephone and email communication. The site was 
supplied with a data collection form (see Appendix B), laying out the information required; then the 
process expert performed the on-site data collection and returned the completed forms via email. 
It has not been possible to visit suppliers on site to acquire data. Data for steel production, 
polyamide production and rings production have been collected by their qualified personnel, using a 
data collection form supplied beforehand. 
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Information from Gabi database has been collected whenever primary data from the manufacturing 
facility has not been possible to obtain, and when the collected data has not been considered 
reliable or relevant. 
Allocation method 
Due to the variety of manufacturing locations and the different levels of available data, allocation 
methods for partitioning the inputs or output flows have got to be considered, according to ISO 
14040. Thus, the following data was collected for allocation purpose: production time, running time, 
product weights, the number of products manufactured, and the amount of material removed from 
a product during processes.  
The allocation methods used in this study vary between the activities but the method most widely 
used is allocation based on weight. 
Calculation procedure 
Data from each process identified in the technical system has been compiled. Then the inventory 
calculation has been done following the next steps: 
1. Normalise the collected data for each activity involved i.e. relate all input and output of that 
activity to one of the products involved in the activity. 
2. Calculate the flows linking to activities in the flowchart, using the flow representing the 
functional unit as a reference. 
3. Calculate of the flows passing the system boundary and relate them to the functional unit. 
4. Summing up the results for the whole system.  
5. Document the calculation. 
LCA software, GaBi, has been used to model the product life cycle, calculate and assess the 
environmental impacts, and store collected data for unit processes. 
 
4.2.2. Life Cycle Inventory (LCI) analysis 
This section includes the Life Cycle Inventory (LCI) analysis. According to the requirements of the goal 
and scope definition, two flow models representing the processes in the life cycle of the new and the 
remanufactured bearings are defined, and numerical as well as descriptive, qualitative data for both 
processes is collected and calculated. 
The purpose of the life cycle inventory is to collect and organise all relevant data to evaluate the 
environmental impact of the analysed product. According to SAIC (2006), a life cycle inventory is a 
process of quantifying energy and raw material requirements, atmospheric emissions, waterborne 
emissions, solid wastes, and other releases for the entire life cycle of a product, process, or activity.  
The methods utilised to collect the data have been described in Section 4.2.1. In the tables defining 
the used datasets, area and time refer to the data collection of the original dataset, and the column 
technique representativeness refers to the extent to which the used data corresponds to the actual 
process. 
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4.2.2.1 Compact tapered roller bearing manufacturing process 
 
Flowchart 
As seen in Section 3.2, compact tapered roller bearings are composed of various components.  These 
components are made of different materials and produced in different locations, and they are finally 
assembled together, forming the bearing unit, in a manufacturing facility in Italy.  
The first step in the Life Cycle Inventory analysis (LCI) phase is the construction of the flow model 
according to the system boundaries decided in the goal and scope of the study. Such flow model is 
presented below as a flowchart (Figure 13), and it includes all the existing activities in the analysed 
system and the flows between these activities.  
 
 
Figure 13. Compact tapered roller bearing manufacturing process flowchart 
 
In the flowchart, some of the flows that include similar processes have been grouped. The grouped 
flows are outer ring (OR), inner rings (IR), central spacer ring and backing ring production, up to 
rolled bars production; and rolled bars and steel coil production, up to billet rolling and treatment. 
Qualitative data, including the descriptions of the activities and production processes of each 
component and the final bearing unit assembly, are compiled in this section, according to the 
information directly collected from key people in the manufacturing facilities.  
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Quantitative or numerical data, which consists of data on the inputs and outputs to all modelled 
activities, i.e. amounts and types of raw materials, products, or emissions, is compiled during the LCI 
process and presented in Section 4.2.3. 
 
• Outer and inner rings production 
I. Production of steel and billets 
The steel used for the outer ring, inner rings and rollers of this particular bearing is produced in 
Sweden, and it is produced 100% from scrap. The steel scrap is sourced mainly from Sweden, and in 
a smaller proportion from other locations, such as Russia and other countries in the Baltic area. 
The steel scrap is sorted and selected depending on the specifications of the steel that has to be 
produced, and is then charged into an electric furnace. In the electric furnace the steel scrap is 
melted, and oxygen and carbon are added to help to separate the slag from the steel and to make 
the process more effective. At various points in the melting process, samples are taken to determine 
the chemical composition of the molten steel. Once the steel is within the desired specification, the 
slag is extracted and it is poured into a preheated ladle for transfer to the teeming process. In the 
ladle, the steel is degassed (harmful gases are eliminated), the chemical composition and cleanliness 
are controlled, and the temperature is adjusted. 
The teeming process consists in pouring the melted steel into a mould in order to obtain, once 
solidified, the steel ingot. Thus, after pouring, the mould is allowed to cool for approximately 30 
minutes, and then, the ingot is stripped from the mould and taken directly to the next step in the 
process, which is the soaking pit furnace. 
The soaking pit furnace is an insulated chamber that heats up and soaks the steel ingot during 6 to 8 
hours to a uniform temperature. Once the ingot has been heated, it is sent to the rolling mill to 
obtain the desired shape of the billet, through a primary rolling process. Here, after introducing the 
ingot into the first pair of rolls it is sent to the oxygen scarfing treatment, where surface defects are 
removed. Then, the ingot is rolled again into multiple rolls, obtaining the steel billet. 
The steel billet is allowed to cool, and then some surface treatments and inspections are necessary 
in order to eliminate defects and to obtain a high quality product. Thus, once the billet is cooled, the 
surface is treated in the sand blasting process and, after inspecting and marking, it is finally grinded. 
Then, the billet is inspected with ultrasounds, for internal defects detection, and it is finally 
weighted, obtaining the billet ready to be manufactured.    
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II. Production of hot rolled bars 
The production of the hot rolled bars which will be used for the outer and inner rings takes place in 
another facility in Sweden. The first step is to heat the cold billet in order to make the steel 
malleable. Thus, the billet is heated in a rotary furnace at approximately 1200 ˚C.  
Once the billet has reached the required temperature, it is transported to the rolling mill, where the 
billet will be transformed into a rolled bar. Here, the billet is rolled in different pairs of rollers, which 
provide the desired shape of the bar, starting with bigger sections and reducing in each phase the 
dimension until the final bar is obtained. The bars used for the production of both outer and inner 
rings have a section diameter of 90 mm. 
After the bars have been produced, they are air-cooled and then cut according to customer 
specifications. They are packed and transported to the customer. 
 
III. Production of the Outer and Inner rings 
The outer and inner rings for this specific bearing are produced in a facility in Italy. These rings are 
produced from the 90 mm diameter rolled bars, previously manufactured in the rolling mill in 
Sweden. 
The first step in the process is heating the bars in an induction furnace. Then the bars are cut into 
pieces, through a shearing process, with the required dimensions for the ring. Then, the pieces are 
re-heated in the induction furnace, and through piercing and rolling, they obtain the final ring 
dimensions. The rings are air-cooled and inspected to detect any possible defect. 
Once the rings have been produced, the steel properties are modified through annealing, which 
consists in heating the steel to above critical temperature, maintaining a suitable temperature, and 
then cooling. 
The last step in the process is a final dimensional inspection and the packaging of the rings. These 
are sent to another facility in Italy, where the rings receive a final treatment before they are 
assembled together with the other components, and forming the bearing unit. 
 
Figure 14 and Table 3 present the outer and inner rings unit processes and the sources or datasets 
where the information has been obtained, respectively. 
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Figure 14. Outer and inner rings unit processes; Numbers refer to datasets below 
 
 Dataset Year Database Representativeness 
1 Value of scrap 2000 Worldsteel Partly 
2 Steel bars production, from recycled steel 2000 Worldsteel Partly 
3 Diesel mix from crude oil 2008 PE Completely 
4 Truck-trailer 34 - 40t gross weight 2010 PE Completely 
5 Ring forging 2010  SKF (Rinde & 
Soderlund) 
Completely 
6 Ring annealing 2010  SKF (Rinde & 
Soderlund) 
Completely 
7 Ring turning 2010  SKF (Rinde & 
Soderlund) 
Completely 
8 Natural gas production 2008 PE Completely 
9 Solvents 2000 Ecoinvent Partly 
10 Power grid mix (Electricity) 2002 PE Completely 
11 Process oils, from crude oil 2008 PE Partly 
12 Grease end-of-life 2010  SKF (Rinde & 
Soderlund) 
Partly  
13 Steel recycling - Value of scrap 2007 PE Partly 
14 Wastewater treatment 2005 SKF (Rinde & 
Soderlund) 
Partly 
15 Truck-trailer 28 - 34t gross weight / 22t payload 
capacity 
2010 PE Completely 
16 Thermal energy from natural gas 2006 PE Completely 
Table 3. Outer and inner rings production, used datasets 
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• Rollers production 
The steel used for the production of the rollers is produced from scrap steel, in Sweden. The process 
for producing the steel billet from recycling scrap has been explained in the previous point 
The steel billet produced in Sweden is transported by train to another facility in the same country, 
where is processed in order to obtain a steel wire coil, which will then be used to manufacture the 
rollers. 
I. Steel wire coil production 
The first step in the process is rolling the steel billet. The billet is heated in a furnace and is rolled 
into round bars with an approximate diameter of 25 mm. Then, the bars are cut with the 
appropriate dimension and they are coiled and air cooled. 
In the second part of the process, the steel wire coil is blasted in a centrifugal blaster in order to 
remove imperfections and is then introduced in an electric furnace where it receives an annealing 
treatment in order to make the material softer, so it can be machined and drawn. 
Then, the steel wire coil is de-coiled and straightened, and the surface is grinded in order to 
eliminate imperfections. After a defects inspection the steel is coiled again, washed and 
phosphatised. The steel wire coil is ultimately sent to another facility in Germany, where the rollers 
will be manufactured. 
II. Rollers production 
In the first step of the process, the rollers are pressed, from the steel wire coil, to rollers with a 
coarse form. The second step is tumbling to remove the pressing ring from the rollers. At the end of 
the tumbling process the rollers are cleaned with a solution of water and alkaline soap. 
In order to improve the mechanical properties, rollers receive a heat treatment. They are 
austenitised in a furnace and quenched in oil. After quenching the rollers are cleaned with water and 
then the rollers are tempered in a furnace. 
After the heat treatment, the rollers are grinded in three steps, pre-grinding the raceway, grinding 
the end-face and fine grinding the raceway. After grinding, the rollers are honed for optimising the 
surface finish of the raceway. Then, the rollers are cleaned and preserved with a solution of solvent 
and a rust inhibitor. The last step in the process is packaging the rollers and to send them to the 
factory in Italy, where they will be assembled together with all the other bearing components. 
 
Figure 15 and Table 4 present the rollers unit processes and the sources or datasets where the 
information has been obtained, respectively. 
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Figure 15. Rollers unit processes; Numbers refer to datasets below 
 
 
 
 Dataset Year Database Representativeness 
1 Value of scrap 2000 Worldsteel Partly 
2 Steel cold rolled coil 2010 PE Partly 
3 Diesel mix from crude oil 2008 PE Completely 
4 Truck-trailer, 28 - 34t gross weight  2010 PE Completely 
5 Rollers production 2012 Appendix A Partly 
6 Process water, from groundwater 2010 PE Completely 
7 Crude oil 2008 PE Completely 
8 Power grid mix (Electricity) 2008 PE Completely 
9 Compressed air, 10 bars 2008 PE Completely 
10 Municipal waste water treatment 2010 PE Partly 
11 Hazardous waste disposal 2000 PE Partly 
12 Steel recycling - Value of scrap 2007 PE Partly 
13 Truck-trailer, 20 - 26t gross weight 2010 PE Completely 
Table 4. Rollers production, used datasets 
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• Backing ring production 
The backing ring is a forged ring entirely produced in Italy. The steel used for this ring is produced 
from scrap and the steel billets as well as the rolled bars are produced in the same facility. The 
manufacturing process of these activities is the same as the one explained for the outer and inner 
rings, earlier in this section.  
Once the rolled bars have been manufactured, they are sent to another facility, where the rings will 
be produced. In that facility, the 90 mm diameter bars are cut into small pieces, and after heating 
them, they are forged, obtaining the right diameter for the final ring. 
After forging the ring, it is allowed to cool down, and then its surface is sand blasted in order to 
remove imperfections. After this process, the ring is sent to another facility where by a turning 
process, the final shape is obtained. Then it is marked and sent to the phosphating process, in order 
to receive a surface protection treatment. The last step in the process is the inspection, and then it is 
sent to the facility in Italy, where it will be assembled together with all the other bearing 
components. 
Figure 16 and Table 5 present the backing ring unit processes and the sources or datasets where the 
information has been obtained, respectively. 
 
• Central spacer production  
The central spacer ring is entirely produced in China. Different manufacturers participate in the 
production process from the steel production to the ring production, but only data from the last 
manufacturer has been obtained. 
The central spacer is a forged ring, and it is produced from steel rolled bars, from recycled steel. The 
production of the steel as well as the rings takes place in Beijing, China, and their production 
processes are the same as the ones described in the previous point (backing ring). 
 The last step of the central spacer ring manufacturing process is the machining of its surface, by 
turning, in order to obtain the final shape. After this process, the ring is cleaned, inspected, marked 
and sent to the facility in Italy, where it will be assembled together with all the other bearing 
components. 
Figure 17 and Table 6 present the central spacer ring unit processes and the sources or datasets 
where the information has been obtained, respectively. 
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Figure 16. Backing ring unit processes; Numbers refer to datasets below 
 
 Dataset Year Database Representativeness 
1 Value of scrap 2000 Worldsteel Partly 
2 Steel bars production 2000 Worldsteel Partly 
3 Diesel mix from crude oil 2008 PE Completely 
4 Truck-trailer 34 - 40t gross weight 2010 PE Completely 
5 Ring forging 2010  SKF (Rinde & 
Soderlund) 
Completely 
6 Ring turning 2010  SKF (Rinde & 
Soderlund) 
Completely 
7 Thermal energy from natural gas 2006 PE Completely 
8 Process oils, from crude oil 2008 PE Partly 
9 Solvents 2000 Ecoinvent Partly 
10 Natural gas production 2008 PE Completely 
11 Nitrogen 2010 PE Completely 
12 Power grid mix (Electricity) 2002 PE Completely 
13 Steel recycling - Value of scrap 2007 PE Partly 
14 Grease end-of-life 2010  SKF (Rinde & 
Soderlund) 
Partly  
15 Wastewater treatment 2005 SKF (Rinde & 
Soderlund) 
Partly 
16 Heavy fuel oil 2008 PE Completely 
17 Container ship 2010 PE Partly 
Table 5. Backing ring production, used datasets 
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Figure 17. Spacer ring unit processes; Numbers refer to datasets below 
 
 Dataset Year Database Representativeness 
1 Value of scrap 2000 Worldsteel Partly 
2 Steel bars production 2000 Worldsteel Partly 
3 Diesel mix from crude oil 2008 PE Completely 
4 Truck-trailer 34 - 40t gross weight 2010 PE Completely 
5 Ring forging 2010  SKF (Rinde & 
Soderlund) 
Completely 
6 Ring turning 2010  SKF (Rinde & 
Soderlund) 
Completely 
7 Thermal energy from natural gas 2006 PE Completely 
8 Process oils, from crude oil 2008 PE Partly 
9 Solvents 2000 Ecoinvent Partly 
10 Natural gas production 2008 PE Completely 
11 Nitrogen 2010 PE Completely 
12 Power grid mix (Electricity) 2002 PE Completely 
13 Steel recycling - Value of scrap 2007 PE Partly 
14 Grease end-of-life 2010  SKF (Rinde & 
Soderlund) 
Partly  
15 Wastewater treatment 2005 SKF (Rinde & 
Soderlund) 
Partly 
16 Heavy fuel oil 2008 PE Completely 
17 Container ship 2010 PE Partly 
Table 6. Spacer ring production, used datasets 
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• Polymer cage production 
The polymer cage is the component that holds the rollers in between the outer and inner rings, 
allowing them to roll when the bearing is in operation. 
The raw material of the polymer cage is a granulate product made of polyamide (PA 66) and glass 
fibres, which is produced in the Netherlands. A description of the manufacturing process has not 
been possible to obtain due to confidentiality. The raw material is sent to the polymer cage factory 
in Germany, where the cages are produced.  
Since polyamide granulate is hygroscopic and absorbs moisture from the air, the first step in the 
process is its des-humidification. The polymer cage is produced through an injection moulding 
process; the plastic granulate is heated at a temperature above 280 °C, and then the melt plastic is 
poured into a screw, which with a rotational mechanical movement injects the plastic into a mould. 
The plastic is allowed to solidify in the mould, and after that the final cage is extracted with the 
desired shape. The last step in the process is the packaging, and then it is sent to the facility in Italy 
to be assembled together with all the other bearing components. 
 
Figure 18. Polymer cage unit processes; Numbers refer to datasets below 
 
 Dataset Year Database Representativeness 
1 Polyamide 66 production 1996 ELCD/Plastics 
Europe 
Partly 
2 Glass fibres production 2010 PE Partly 
3 Diesel mix from crude oil 2008 PE Completely 
4 Truck, up to 7,5t gross weight 2010 PE Completely 
5 Injection moulding 2012 Appendix A Partly 
6 Process water, from groundwater 2010 PE Completely 
7 Power grid mix (Electricity) 2002 PE Completely 
8 Non-hazardous waste disposal 2010 PE Partly 
9 Truck, 20 - 26t gross weight 2010 PE Completely 
Table 7. Polymer cage production, used datasets 
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Figure 18 and Table 7 above present the polymer cage unit processes and the sources or datasets 
where the information has been obtained, respectively. 
• Polymer spacer production 
Data about the production of polymer spacer has not been possible to obtain from the 
manufacturing facility. The polymer spacers are made of polyphthalamide (PPA) and the production 
process is similar to the polymer cage, described in the previous point. 
Figure 19 and Table 8 present the polymer spacer ring unit processes and the sources or datasets 
where the information has been obtained, respectively. 
 
 
Figure 19. Polymer spacers unit processes; Numbers refer to datasets below 
 
 Dataset Year Database Representativeness 
1 Polyamide 66 production 1996 ELCD/Plastics 
Europe 
Partly 
2 Injection moulding 2012 See polymer cage Partly 
3 Process water, from groundwater 2010 PE Completely 
4 Power grid mix (Electricity) 2002 PE Completely 
5 Non-hazardous waste disposal 2010 PE Partly 
6 Diesel mix from crude oil 2008 PE Completely 
7 Truck, 20 - 26t gross weight 2010 PE Completely 
Table 8. Polymer spacers production, used datasets 
 
• Rings final treatment and assembly process 
The last stage in the manufacturing process takes place in Italy. In this facility, outer and inner rings 
receive a final treatment, and all the other components of the bearing (rollers, polymer cages, 
spacer ring, baking ring, grease and polymer spacers) are assembled together, forming a compact 
tapered roller bearing unit. 
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I. Rings final treatment 
As previously described, inner and outer rings are produced from a supplier in a facility in Italy, and 
are eventually sent to the tapered roller bearings factory, located in the same country, where they 
receive a final treatment. 
The first step for both rings is the turning process. In this process, various abrasive tools are applied 
in different phases on the different surfaces of the rings (raceway, bore, etc), in order to define more 
precisely the final shape. 
Once the rings have been turned, they receive a heat treatment. This process, which converts soft 
and brittle steel into tough and hard steel, is necessary to ensure the rings have the required 
mechanical properties for their application. The process consists of austenitizing the rings and then 
quenching them in a salt solution bath. Then the rings are air-cooled to a room temperature and 
washed with water. The heat treatment finishes with a process, in which outer and inner rings are 
tempered in a furnace 
After the heat treatment, the rings are transported to the grinding channel where surface 
imperfections are removed and the rings obtain the final shape. 
After outer and inner rings have been grinded, they are transported to the phosphating process, 
where the rings are cleaned and de-greased and a surface protection is applied by using various 
chemical products. 
The rings manufacturing process has been completed at this stage, and they are sent to the 
assembly channel, in the same facility, where the bearing unit is mounted with all the other 
components.  
II. Bearing unit assembly 
At this stage all the components have been manufactured and inspected, and they are ready to be 
assembled together. The compact tapered roller bearing components are listed below: 
• Outer ring x 1 unit 
• Inner ring x 2 units 
• Polymer cage x 2 units 
• Rollers x 42 units 
• Seals x 2 units 
• Spacer ring x 1 unit 
• Polymer spacers x 2 units 
• Backing ring x 1 unit 
• Grease 
The assembly process starts by mounting the two cones, which are composed of one inner ring, one 
polymer cage and 21 rollers, each one. Then, they are fitted into the outer ring, together with the 
central spacer, and grease is injected in the space between the rollers and the rings. The axial 
clearance is checked, in order to measure the geometrical clearance between the different 
components of the ring, which has a great impact on the service life of the bearing. After measuring 
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the axial clearance, the two polymer spacers and the two seals are mounted in both sides of the 
bearing by using a hydraulic press, and the compact tapered roller bearing is packed together with 
the backing ring. Figure 20 and Table 9 present the final treatment and assembly unit processes and 
the sources or datasets where the information has been obtained, respectively. 
 
Figure 20. Rings final treatment and bearing assembly unit processes; Numbers refer to datasets below 
 
 Dataset Year Database Technique 
representativeness 
1 Outer ring production 2012 Section 4.2 - 
2 Inner ring production 2012 Section 4.2 - 
3 Bearing manufacturing facility 2011 Appendix A Partly 
4 Process oil, from crude oil 2008 PE Partly 
5 Power grid mix (Electricity) 2002 PE Completely 
6 Thermal energy from natural gas 2006 PE Completely 
7 Natural gas production 2008 PE Completely 
8 Process water, from groundwater 2010 PE Completely 
9 Nitrogen 2010 PE Completely 
10 Sodium chloride 2010 PE Partly 
11 Sodium carbonate 2006 Ecoinvent Partly 
12 Nitric acid 2010 PE Partly 
13 Methanol 2001 Ecoinvent Partly 
14 Steel recycling - Value of scrap 2007 PE Partly 
15 Non-hazardous waste disposal 2010 PE Partly 
16 Hazardous waste disposal 1999 Ecoinvent Partly 
Table 9. Rings final treatment and bearing assembly process, used datasets 
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4.2.2.2 Compact tapered roller bearing Remanufacturing process 
 
Flowchart 
As seen in Section 4.1, the construction of a flow model for the bearing remanufacturing process is 
necessary before starting the Life Cycle Inventory Analysis (LCI). A flow model with all the activities 
included in the analysed system and the flows among them is presented in Figure 21. 
 
 
Figure 21. Bearing remanufacturing process flowchart 
 
 
• Remanufacturing process 
The description of the remanufacturing process of wheelset bearings have been explained in Section 
3.3. 
Figure 22 and Table 10 below represent the unit processes included in the study and the resources 
or datasets where the information have been compiled, respectively 
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Figure 22. Bearing remanufacturing unit processes; Numbers refer to datasets below 
 
 Dataset Year Database Technique 
representativeness 
1 Bearing remanufacturing process 2011/12 Appendix A Completely 
2 Power grid mix (Electricity) 2002 PE Completely 
3 Process water, from groundwater 2010 PE Completely 
4 Compressed air, 10 bars 2008 PE Completely 
5 Sodium hydroxide (50%) 2010 PE Partly 
6 Ethoxylated alcohol 1995 Ecoinvent Partly 
7 Sulphuric acid  2010 PE Partly 
8 Sodium chloride 2010 PE Partly 
9 Crude oil 2008 PE Partly 
10 Monoethanolamine 2000 Ecoinvent Partly 
11 Sand 2010 PE Partly 
12 Grease manufacturing 2010 Rinde & Soderlund Partly 
13 Steel-rubber seal 2011 Agestam K. Partly 
14 Polymer spacer 2012 Section 4.2 Partly 
15 Truck, up to 7,5t gross weight 2010 PE Completely 
16 Diesel production, from crude oil 2008 PE Completely 
17 Grease end-of-life 2010  SKF (Rinde & 
Soderlund) 
Partly  
18 Steel recycling - Value of scrap 2007 PE Partly 
19 Wastewater treatment (sludge 
incineration) 
2010 PE Completely 
20 Hazardous waste disposal 1999 Ecoinvent Completely 
21 Non-hazardous waste disposal 2010 PE Partly 
Table 10. Bearing remanufacturing processes, used datasets 
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• Mounting and dismounting 
The mounting and dismounting of the bearing unit takes place at the customer workshop, in the UK.  
To extract the bearing from the train, the complete wheel set is dismounted from the bogie. To do 
so, the wheel set is unfastened and by using an electric lift it is placed next to the train, where the 
axleboxes and the bearings are dismounted and exchanged for some others. The bearing is 
dismounted from the wheel set axle by using a hydraulic press. 
Figure 23 and Table 11 present the bearing mounting and dismounting unit processes and the 
sources or datasets where the information has been obtained, respectively. 
 
 
Figure 23. Bearing mounting/dismounting unit processes; Numbers refer to datasets below 
 
 Dataset Year Database Technique 
representativeness 
1 Diesel production, from crude oil 2008 PE Completely 
2 Power grid mix (Electricity) 2002 PE Completely 
3 Truck, 20 - 26t gross weight 2010 PE Completely 
Table 11. Bearing unit mounting/dismounting processes, used datasets 
 
• Bearing end-of-life 
When reaching the end of its useful time, the bearing can no longer be used and it is dismounted 
from the train and replaced by another one.  
In this study, it has been considered that 100% of the steel components are recycled, polymer 
components are disposed in a landfill and grease is incinerated. 
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4.2.3 Inventory results 
In this section the results from the inventory analysis, including total amount of resource and energy 
use, air emissions (selected substances), and total waste are presented. 
The objective of this section is to compile specific data obtained during the inventory analysis, which 
will be relevant to understand the environmental impact of the analysed scenarios. The results are 
given per functional unit, described in the scope of the study (Section 4.2.1). 
The different activities included in each scenario are summarised in Table 12. 
Scenario 1 Scenario 2 
• Bearing manufacturing process x3 
• Mounting the bearing on the train x3 
• Transports 
• Recycling of the bearing after use x3 
• Bearing manufacturing process x1 
• Bearing remanufacturing process x2 
• Mounting the bearing on the train x3 
• Transports 
• Recycling of the bearing after use x1 
Table 12. List of activities included in the two defined scenarios 
 
• Resource use 
A selection of the resources used in the two analysed scenarios is presented in Table 13, separating 
the renewable from those non-renewable resources.   
 Resource Unit Scenario 1 Scenario 2 Diff. Sc2 vs Sc1 
Material 
resource 
Renewable 
resource 
Steel scrap Kg 102 36 - 60 % 
Water Kg 287840 109159 - 62 % 
Other  Kg 1601 610 - 62 % 
Non-
renewable 
resource 
Inert rock Kg 962 331 - 66 % 
Iron ore Kg 15 5 - 67 % 
Limestone Kg 16 6 - 63 % 
Others Kg 12 2 - 83 % 
Primary 
energy 
resource 
Renewable 
resource 
Hydropower MJ 201 73 - 64 % 
Wind power MJ 78 30 - 62 % 
Solar energy MJ 87 33 - 62 % 
Geothermic MJ 10 4 - 60 % 
Non-
renewable 
resource 
Crude oil MJ 1480 600 - 60 % 
Hard coal MJ 1900 657 - 65 % 
Lignite MJ 433 155 - 64 % 
Natural gas MJ 1780 693 - 61 % 
Peat MJ 7.16 2.49 - 65 % 
Uranium MJ 1440 513 - 65 % 
Table 13. LCA inventory results: Resources use per functional unit 
 
 
The remanufacturing of wheelset bearings: a life cycle approach January 2013 
 
 
Supervisor: Carles Serrat i Piè 72 Project author: Tekij Fernández Sunyer 
 
 
Figure 24. LCA inventory results: Material resource use comparison 
 
 
Figure 25. LCA inventory results: Primary energy resource use comparison 
 
The results from the life cycle inventory shown in Table 13 are graphically represented in Figures 24 
and 25.   
The total amount of material resources used in Scenario 1 is 62 % higher than in Scenario 2. More 
than 90 % of these resources are renewable, being water the resource more used in both scenarios. 
Almost 100% of the steel used in the manufacturing of the bearing components is produced from 
recycled steel, reducing thus the amount of non-renewable resources used in the process 
The total amount of primary energy used in Scenario 1 is 62 % higher than in Scenario 2. The 95 % of 
the primary energy resource used in both scenarios is non-renewable, being hard coal and natural 
gas the more used resources. The remaining 5 % of primary energy resource used is renewable; 
being hydropower the more used resource in both scenarios. 
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• Emissions to air 
A selected list of emissions to air generated in the different activities of both scenarios is presented 
in units of weight in Table 14.  
Substance Unit Scenario 1 Scenario 2 Diff. Sc2 vs Sc1 
CO2 kg 379 145 - 62 % 
CO kg 1.14 0.401 - 65 % 
NOx kg 0.8203 0.307 - 63 % 
NMVOC kg 0.0906 0.0386 - 57 % 
SO2 kg 1.24 0.435 - 65 % 
CH4 kg 0.882 0.347 - 61 % 
Particulates kg 0.149 0.0528 - 65 % 
Table 14. LCA inventory results: Emissions to air per functional unit 
 
 
Figure 26. LCA inventory results: comparison of the emissions to air between Scenario 1 and Scenario 2 
 
The results from the life cycle inventory shown in Table 13 are graphically represented in Figure 26. 
The graphic shows how Scenario 1 is by large the one that has a greater impact in terms of emissions 
of pollutants to air. Scenario 2 presents a reduction from 58 to 65 % on the analysed emissions, 
respecting Scenario 1. 
 
• Waste generation 
The waste generation within the two scenarios is classified as hazardous and non-hazardous waste, 
and the amounts generated are presented in Table 15. 
 Unit Scenario 1 Scenario 2 Diff. Sc.2 vs Sc.1 
Hazardous waste Kg 10 3 - 70 % 
Non-hazardous waste Kg 123 44 - 64 % 
Table 15. LCA inventory results: waste generated per functional unit 
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Figure 27. LCA inventory results: Comparison of the waste generated in both scenarios 
 
The total amount of waste generated in Scenario 1 is 62 % higher than in Scenario 2. The difference 
is even higher when analysing the hazardous waste generated, which is 70 % higher in Scenario 1 
than in Scenario 2. This is due to the high impact that the new manufacturing process has on waste 
generation, in comparison with the remanufacturing process.  
For both scenarios the amount of hazardous waste generated represents less than 8 % of the total 
waste. 
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4.2.4. Life Cycle Impact Assessment 
In this section the impacts of the environmental loads quantified in the inventory analysis are 
described.  
Life Cycle Impact Assessment (LCIA) is the phase in an LCA where the inputs and outputs of 
elementary flows that have been collected and reported in the inventory are translated into impact 
indicator results related to human health, natural environment, and resource depletion (JRC, 2010). 
In this section, the two scenarios described in the scope of the project (Section 4.2.1) are analysed. 
The study focuses on the two mandatory steps, defined by the ISO 14044 (ISO14044, 2006), of 
“Classification” and “Characterisation”, which are described below. The two optional steps of 
“Normalisation” and “Weighting” are not the focus of this document. 
1. Classification. In this step, the elementary flows from the life cycle inventory (e.g. resource 
consumption, emissions into air, etc.) are assigned to the impact categories defined in the 
goal and scope phase according to the contribution of the substances to different 
environmental problems.  
2. Characterisation. In this step, the impact of each emission or resource consumption is 
modelled quantitatively, according to the environmental mechanism. The result is expressed 
as an impact score in a unit common to all contributions within the impact category by 
applying the so-called ―”characterisa[on factors”. For example, kg of CO2-equivalents for 
greenhouse gases contributing to the impact category “Climate Change” (JRC, 2010). 
 
Figure 28. Illustration of the stepwise aggregation of information in LCA 
 
The characterisation factors used in this study are sourced from the CML-2001 database (updated in 
2010), from the Institute of Environmental Sciences of the University of Leiden, the Netherlands. The 
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environmental parameters considered in the study are listed below. A description of each of them 
can be found in Appendix C: 
• Global Warming Potential – (GWP) 100 years 
• Acidification Potential (AP) 
• Eutrophication Potential (EP) 
• Ozone Depletion Potential (ODP) 20 years 
• Photochemical Ozone Creation Potentials (POCP) 
• Abiotic depletion potential (ADP) 
 
4.2.4.1 Classification and characterisation 
• Global Warming Potential – 100 year (GWP) 
Global warming refers to the rise in the average temperature of Earth's atmosphere and oceans 
since the late 19th century, and its projected continuation which may lead to a broad range of 
impacts on ecosystems and our societies. A list with the main contributor substances found in the 
two scenarios of this study is presented in Table 16, where global warming potential with a time 
perspective of one hundred years is expressed in kg CO2 equivalents. 
 Scenario 1 Scenario 2 
Substance (Environment) 
Total value 
(Kg CO2 equivalent) % 
Total value 
(Kg CO2 equivalent) % 
Carbon dioxide 379.00 91.48% 140.00 90.82% 
Carbon dioxide (biotic) 9.076 2.13% 3.5820 2.26% 
Nitrous oxide (laughing gas) 3.55 0.83% 1.6768 1.06% 
Methane 21.78 5.11% 8.579 5.42% 
     
Total 414.25 100% 154.15 100% 
Table 16. LCIA. List of main substances causing global warming 
 
 
Figure 29. LCIA: Global warming potential (100 years) 
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A significant difference in the total CO2 emissions between the two scenarios can be noticed, being 
more than 63 % lower for Scenario 2. This is due to the use of only one new manufactured bearing 
and two remanufactured bearings in the Scenario 2, in comparison with the use of three new 
manufactured bearings and any remanufactured one in Scenario 1.  
The greatest part of the CO2 emissions is produced during the bearing manufacturing phase in both 
scenarios, whereas the transport and mounting phases have an insignificant contribution. The end-
of-life phase, which includes the recycling of the steel and the incineration of grease, appears as a 
negative value, helping to reduce the total amount of CO2 emissions, due to the nature of the 
recycling process where material or products are returned to the same system after use and are 
used for the same purpose again. 
The impact of transport, though insignificant in comparison with the manufacturing and 
remanufacturing phases, is higher in Scenario 1 due to the longer distance between the 
manufacturing facility and the customer. 
The main substances that contribute to GWP are listed in Table 16, which are carbon dioxide (more 
than 90% in both scenarios), nitrous oxide and methane. 
 
 
• Acidification Potential (AP) 
The acidification of soils and waters occurs predominantly through the transformation of air 
pollutants into acids (PE-International, 2011). The major acidifying pollutants are SO2, NOx, HCI and 
NH3 (Bauman & Tillman, 2004). 
A selected list with the main AP contributors found in this study is presented in Table 17, where 
emissions have been characterised as SO2 equivalents.  
The acidification potential (AP) index of Scenario 1 is 65% higher than Scenario 2. This is due to the 
impact of the bearing manufacturing phase. 
The bearing remanufacturing, transport and mounting phases have a very small contribution in the 
total amount of SO2 emitted, whereas the waste treatment phase helps to reduce the impact, for 
the same reason as described in the previous point (Global Warming Potential). 
The substance that contributes the most in AP is sulphur dioxide (more than 70% in both scenarios) 
and nitrogen oxides.  
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 Scenario 1 Scenario 2 
Substance (Environment) 
Total value (Kg 
SO2 equivalent) % 
Total value (Kg 
SO2 equivalent) % 
Ammonia 0.008 0.4097% 0.00322 0.458% 
Hydrogen chloride 0.017 0.8738% 0.00596 0.848% 
Hydrogen sulphide 0.017 0.8995% 0.00593 0.844% 
Nitrogen dioxide 0.012 0.6098% 0.00423 0.602% 
Nitrogen monoxide 0.118 5.9699% 0.04377 6.221% 
Nitrogen oxides 0.326 16.4356% 0.1200 17.061% 
Sulphur dioxide 1.484 74.7087% 0.5198 73.879% 
     
Total 1.9865 100% 0.703 100% 
Table 17. LCIA. List of main substances causing acidification 
 
 
Figure 30. LCIA: Acidification Potential 
 
• Eutrophication Potential (EP) 
Eutrophication is generally associated with the environmental impacts of excessively high levels of 
nutrients that lead to shifts in species composition and increased biological productivity, for example 
as algal blooms (Bauman & Tillman, 2004). 
Substances which cause eutrophication could be released to either water or to air. A selected list of 
these substances has been compiled in Table 18, where eutrophication potential has been 
characterised as kg Phosphate equivalents. 
The EP index for Scenario 1 is 62 % higher than Scenario 2, being the bearing manufacturing phase 
the most significant contributor. The transport phase, for both scenarios, has a certain impact on the 
total due to the emissions of nitrogen oxides generated, which are the main responsible for the total 
EP result (see Table 18). 
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In the bearing manufacturing phase, the activities that contribute most to EP are the production of 
outer and inner rings, specifically for the steel bars and electricity production. In the bearing 
remanufacturing phase, in Scenario 2, the production of the new components (seals, spacers and 
grease) is the most contributing activity due to the emissions of nitrate and nitrogen oxides to air 
and water. 
 Scenario 1 Scenario 2 
Substance (Environment) 
Total value (Kg Phosphate 
equivalent) % 
Total value (Kg 
Phosphate equivalent) % 
Ammonia – to air 0.0017 1.1779% 0.0007 1.224% 
Nitrogen dioxide – to air 0.0032 2.0838% 0.0011 1.915% 
Nitrogen monoxide – to air 0.0312 20.647% 0.0115 20.025% 
Nitrogen oxides – to air 0.0848 56.162% 0.0312 54.257% 
Nitrous oxide (laughing gas) – to air 0.0032 2.1283% 0.0015 2.641% 
Chemical oxygen demand (COD) – to 
water 0.0050 3.3626% 0.0018 3.235% 
Ammonia – to water 0.001891744 1.2515% 0.0007 1.227% 
Ammonium / ammonia – to water 0.0014 0.9639% 0.0006 1.154% 
Nitrate – to water 0.0034 2.2995% 0.0015 2.780% 
Nitrogen – to water 0.0049 3.2601% 0.0016 2.910% 
Phosphorus – to water 0.00408438 2.7022% 0.0015 2.554% 
Ammonia – to agric. soil 0.0019 1.2884% 1.20E-03 2.086% 
     
Total 0.1511 100% 0.0575 100% 
Table 18. LCIA. List of main substances causing eutrophication 
 
 
Figure 31. LCIA: Eutrophication Potential 
 
• Ozone Depletion Potential (ODP) 
Ozone depletion refers to the thinning of the stratospheric ozone layer as a result of various 
chlorinated and bromated substances, such as CFCs and halons  (Bauman & Tillman, 2004).  
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Substances which cause ozone depletion are released to the air. A selected list of these substances 
has been compiled in Table 19, where ozone depletion potential has been characterised as kg R11 
equivalents. 
 Scenario 1 Scenario 2 
Substance (Environment) 
Total value (Kg R11 
equivalent) % 
Total value (Kg R11 
equivalent) % 
Carbon tetrachloride (tetrachloromethane) 3.69E-06 10.261% 1.23E-06 9.967% 
Halon (1211) 9.05E-08 0.2519% 3.65E-08 0.296% 
Halon (1301) 7.84E-08 0.2183% 3.29E-08 0.267% 
R 11 (trichlorofluoromethane) 1.24E-05 34.485% 4.19E-06 33.929% 
R 114 (dichlorotetrafluoroethane) 1.69E-05 46.933% 5.90E-06 47.815% 
R 12 (dichlorodifluoromethane) 2.67E-06 7.4323% 9.02E-07 7.312% 
R 22 (chlorodifluoromethane) 1.50E-07 0.4170% 5.08E-08 0.412% 
     
Total 3.59 E-5 100% 1.23 E-5 100% 
Table 19. LCIA. List of main substances causing ozone depletion 
 
 
Figure 32. LCIA: Ozone Depletion Potential 
ODP index in Scenario 1 is more than 65 % higher than in Scenario 2. Again, this is due to the impact 
of the bearing manufacturing phase, which is more than 90 % higher than the remanufacturing 
phase. 
The impact of the transport and mounting phases is insignificant in comparison with the 
manufacturing phase.  The bearing end-of life phase has a relatively significant impact due to the 
emissions of R11 and R114 during the steel recycling. 
• Photochemical Ozone Creation Potential (POCP) 
Photo-oxidants are secondary pollutants formed in the lower atmosphere from NOx and 
hydrocarbons in the presence of sunlight (Bauman & Tillman, 2004), which may cause health 
problems such as irritation to respiratory systems and damage to vegetation. 
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 Scenario 1 Scenario 2 
Substance (Environment) 
Total (Kg Ethene 
equivalent) % 
Total (Kg Ethene 
equivalent) % 
Carbon monoxide 0.02930809 38.8131% 0.010309946 36.828% 
Nitrogen monoxide -0.066630968 -88.24% -0.0245 -87.850% 
Nitrogen oxides 0.0182 24.2138% 0.0067 24.012% 
Sulphur dioxide 0.0593 78.6176% 0.0208 74.272% 
Butane (n-butane) 0.0012 1.6719% 0.0005 1.879% 
Ethane 0.0016 2.1922% 0.0006 2.400% 
Ethyl benzene 0.0004 0.5371% 0.0001 0.519% 
Formaldehyde (methanal) 0.0004 0.5999% 0.0002 0.631% 
Hexane (isomers) 0.0004 0.5009% 0.0003 1.032% 
NMVOC (unspecified) 0.0173 22.9442% 0.0076 27.263% 
Pentane (n-pentane) 0.0012 1.4812% 0.0004 1.559% 
Propane 0.0025 3.3946% 0.0010 3.746% 
Xylene (dimethyl benzene) 0.0024 3.2548% 0.0008 3.128% 
Methane 0.0052 6.9223% 0.0021 7.355% 
     
Total 0.0755 100% 0.028 100% 
Table 20. LCIA. List of substances causing photochemical ozone creation 
 
Figure 33. LCIA: Photochemical Ozone Creation Potential (POCP) 
A selected list of substances that cause POCP found in this study is presented in Table 20 and in 
Figure 33, where the emissions are characterised as kg ethene equivalent. 
The POCP index for Scenario 1 is 63 % higher that Scenario 2. This is due to the impact of the 
manufacturing phase in comparison with the other phases. The four main substances that contribute 
to POCP are carbon monoxide, nitrogen oxide, sulphur dioxide and NMOVC, which are mainly 
produced during the electricity as well as the steel production. 
The emissions that contribute to POCP generated during the bearing end-of-life are mainly 
generated during the steel recycling process, and are accounted as a negative value since materials 
are returned into the system after their use. 
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• Abiotic Depletion (ADP) 
Abiotic depletion refers to the reduction of the global amount of resources of non-renewable 
materials, and covers all natural resources as metal containing ores, crude oil and mineral raw 
materials (PE-International, 2011). 
A selected list with the substances that cause ADP found in this study is presented in Table 21, 
where emissions are characterised as kg antimony (Sb) equivalent. 
As it can be observed in Figure 34, the ADP index for Scenario 1 is 73 % higher than Scenario 2. The 
substances that contribute the most are sodium chloride and the mix lead-zinc-silver-ore, in the 
rings manufacturing process, colemanite ore, in the polymer cage production process.    
The bearing end-of-life phase has an important impact, mainly in the steel recycling process, but as it 
is accounted as a negative value due to the materials recycling and their re-use in the system, it 
counteracts the impact of the bearing manufacturing phase. 
Substance (Environment) 
Scenario 1 Scenario 2 
Total value (Kg Sb 
equivalent) % 
Total value (Kg Sb 
equivalent) % 
Colemanite ore 3.16E-05 16.98 1.06E-05 21.35 
Copper - Molybdenum - Gold - Silver - ore   4.48E-06 2.41 1.57E-06 3.16 
Lead - Zinc - Silver - ore  3.85E-05 20.69 4.41E-06 8.87 
Lead - zinc ore  2.18E-05 11.71 3.53E-06 7.11 
Magnesium chloride leach (40%) 2.15E-06 1.15 7.41E-07 1.49 
Sodium chloride (rock salt) 7.52E-05 40.41 2.68E-05 53.78 
Zinc - copper ore  3.78E-06 2.03 5.31E-07 1.07 
Zinc - lead - copper ore  7.62E-06 4.09 1.01E-06 2.03 
     
Total 1.86 E-4 100% 4.98 E-5 100% 
Table 21. LCIA. List of substances causing abiotic depletion 
 
 
Figure 34. LCIA: Abiotic Depletion Potential 
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• Comparison of the impact categories 
In order to compare the overall environmental impact of the two scenarios, a graphic is presented 
below in Figure 35. 
The graphic shows the difference of the impact of Scenario 2 respecting Scenario 1 on each 
environmental parameter. It can be noticed how for each parameter, the impact of Scenario 1 is 
more than 60 % higher than Scenario 2.  
 
 
Figure 35. Comparison of the overall environmental impact categories. 
 
4.2.4.2 Identification of significant issues 
In order to investigate which parts of the life cycle give rise to the greatest environmental impact, a 
dominance analysis is carried out. This analysis, which is not performed for the whole scenarios but 
for the processes of manufacturing and remanufacturing, is executed by looking at the 
environmental impact of each activity in the product life cycle. 
 
• Manufacturing dominance analysis 
The different environmental impacts considered in this study for the different activities during the 
bearing manufacturing process are shown in the graphic in Figure 36. 
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Figure 36. LCIA: Manufacturing process, characterisation results 
 
 
The higher environmental impacts are found during the manufacturing of the outer and inner rings. 
The contribution of these two components from the total impact of any of the analysed 
environmental parameters is higher than the 30 %. 
The rings treatment and assembly process is the second group causing a higher environmental 
impact, where GWP, AP, EP, ODP and POCP represent more than the 10 % of the total parameter 
impact. Similar results have been found for the rollers production process, where all the parameters 
excepting ODP and ADP represent the 10 % of the total parameter impact.  
The production of all the other bearing components has a significantly lower environmental impact 
compared with the outer and inner rings production.  
The transport activities environmental impact is also very small in comparison with the rings 
production, although the results found show higher values of AP and EP than the production of some 
of the bearing components, such as grease and polymer spacer. 
 
• Remanufacturing dominance analysis 
The different environmental impacts considered in this study for the activities included in the 
remanufacturing process are shown in the graphic in Figure 37. 
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Figure 37. LCIA: Remanufacturing process, characterisation results 
 
During the remanufacturing process, some bearing components are replaced by new manufactured 
ones. This is the case of the polymer spacers, steel-rubber seals and grease. From the graphic in 
Figure 37, it can be noticed that the higher environmental impact in the process occurs during the 
new components production, presenting the higher values for GWP, AP, EP and POCP.  
As it has been described in Section 3.3, the bearing remanufacturing process doesn’t require heavy 
machinery or complex systems. During the process, the main energy resources required are 
electricity and compressed air, and water is the main material resource. Obtaining these resources 
represents the second higher environmental impact of the process. 
Transport is the third activity with higher environmental impact, where AP and EP are the higher 
impact. The transport activities included in the remanufacturing process are those necessaries to 
supply the new components from the facility where they are manufactured, in Italy, to the 
remanufacturing service centre in the UK. 
The by-products group includes all those sub-products utilised during the process, e.g. detergent. 
The by-products group presents the lower environmental impacts, mainly due to the small quantity 
used in the whole process. 
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Conclusions 
The environmental properties of the use of new manufactured wheel set bearings on rail vehicles 
have been analysed and compared with the use of remanufactured bearings. The results of these 
two designed scenarios allow understanding better what environmental benefits can be obtained 
from implementing remanufacturing practices within the life cycle of a rail vehicle. 
Resource use, waste generation, emissions to air, and overall environmental impact have been 
analysed and compared. 
Significant savings in resources used can be obtained by applying remanufacturing practices. The 
results found in this study show how by remanufacturing the bearings, an average of 60 % less of 
materials and primary energy used can be saved.  
Similar results have been obtained for the amount of waste generated. A 62 % less of waste is 
generated in a life cycle perspective by using remanufactured bearings. Hazardous from non-
hazardous waste have been separated in the analysis, being the amount of hazardous waste less 
than the 8% of the total waste generated in both scenarios. 
The amounts of some of the most harmful substances emitted to air have been analysed. 
Remanufacturing practices present significant benefits for the environment by reducing from 58 to 
65 % the amount of emitted substances such as CO2, NOx or SO2. 
As far as the overall environmental impact is concerned, different impact categories have been 
considered and analysed separately. Greenhouse gas emissions (GHG) are considered to be one of 
the most harmful emissions due to their implication on global warming. The results of the study 
determine that the total amounts of GHG emissions are 414 and 145 kg-CO2 equivalent, for Scenario 
1 and Scenario 2 respectively. These results show how the carbon footprint related to the use of 
wheel set bearings can be significantly reduced to 63 % through remanufacturing, within the rail 
vehicle life cycle. The analysis of other environmental impact parameters, such as acidification or 
eutrophication, etc, shows similar results, obtaining from 60 to 65 % reduction of the environmental 
impact thanks to remanufacturing. 
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CHAPTER 5 
Assessment of the economic impact of remanufactured 
wheelset bearings  
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5. Assessment of the economic impact of wheelset bearings  
The objective of this chapter is to investigate the potential cost savings related to the use of 
remanufactured wheelset bearings throughout the life cycle of a rail vehicle, compared with the use 
of new manufactured units. The methodology used is first described. Then, a case study is defined, 
taking as an example a specific rail vehicle widely used in the market. 
As explained previously in Section 3.1, the initial economic investment needed to acquire a railway 
vehicle represents a small part of the total cost of ownership throughout its life cycle. The operation 
and maintenance phases, as well as the disposal of the vehicle at the end of its service life have to be 
carefully analysed as they represent the highest cost.  
Within the maintenance phase, remanufacturing has been presented in previous chapters as an end-
of-life option for used wheelset bearings, with potential environmental and economic benefits for 
both consumers and producers. The remanufacturing process of wheelset bearings has been 
explained in Section 3.3, as well as an introduction of the maintenance requirements of rail vehicles.  
This chapter investigates the economic properties of using remanufactured wheelset bearings 
throughout a rail vehicle life cycle, compared with using new manufactured units. In order to do so 
the methodology Life Cycle Costing (LCC) is used in this chapter. First, the used method is described 
and then a practical application is presented. 
 
5.1 Method description – Life Cycle Cost (LCC) analysis 
Life cycle costing (LCC) is a technique to establish the total cost of ownership of an asset or 
component. It is the aggregated cost of the asset or component over its entire lifetime, from 
purchase to disposal. The methodology has its origins in the defence industry in the U.S., in the 60’s, 
and it has been used since in many applications with different approaches depending on the purpose 
and scope of the analysis. “There is no exact definition that has been agreed upon for LCC, this is 
mainly due to different interpretations of what constitutes the life-cycle of the product” (Hussein, 
2008).  
For the determination of the total cost of a product pertaining to its entire life cycle is essential to 
select a proper framework. The LCC analysis process is iterative, on-going, and must be tailored to 
the specific application.  
To evaluate the most economic maintenance alternative for wheelset bearings a LCC analysis is 
performed. The eight steps proposed by Hussein (2008), represented in Figure 38, have been 
included in the analysis.  
 
A brief description of each step of the LCC process is given below. 
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Figure 38. Life Cycle Cost process definition 
 
1. Preliminary Definition 
The preliminary definition is the first phase of the LCC analysis. It includes the definition of the 
problem requiring the application of LCC, identification of the possible alternatives to be 
analysed, and the development of the structure for allocating the costs (cost breakdown 
structure - CBS). 
1.1 Definition of the Problem 
The initial step constitutes the clarification of objectives, defining the issues of concern, 
and bounding the problem such that it can be studied in an efficient and timely manner. The 
detailed definition of the problem is necessary for the analysis to be structured correctly, 
which requires a clear identification of the subject of the analysis itself. 
1.2 Identification of Feasible Alternatives 
The identification of feasible alternatives and the projection of each selected alternative 
in the context of the entire life cycle are critical in the accomplishment of the LCC analysis. 
Each decision throughout the life cycle of a product – e.g. type of material used, type of 
energy required, or maintenance strategy – has life cycle cost implications. The life cycle cost 
(and not only the purchasing cost) should constitute the evaluation criterion for selecting a 
preferred approach.   
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1.3 Development of Cost Breakdown Structure - (CBS) 
After the definition of alternative configurations and the activities associated with them, 
a structure of cost allocation and collection has to be developed, which must allow the 
classification of the different cost typologies, relating them to the main life cycle activities. 
There is no set method for breaking down cost as long as the method used can be tailored to 
the specific application. The depth of composition of the Cost Breakdown Structure (CBS) 
depends on the purpose of the analysis to be performed. Is essential in performing LCC, and 
is intended to aid in providing overall cost visibility. The cost categories will vary somewhat 
in terms of depth of coverage, depending on the type of system being evaluated. However, it 
is important that all identifiable cost be addressed in the CBS. 
2. Cost Valuation 
2.1 Selection of Cost Model 
After defining the cost breakdown structure, it is necessary to develop a model (or series 
of models) to facilitate the life-cycle economic evaluation process. 
The model may be a simple series of parameter relationships or a more complex system, 
depending on the phases of the system life-cycle in which the model is used and the nature 
of the problem at hand. 
2.2 Development of Cost Estimates 
A cost estimate is an opinion based on analysis and judgment of the cost of the product, 
system, or structure. This opinion may be arrived at in either a formal or an informal manner 
by several methods, all of which assume that experience is a good basis for predicting the 
future. In many cases, the relationship between past experience and future outcome is fairly 
direct and obvious; in other cases it is unclear, because the proposed product or system 
differs in some significant way from its predecessors. 
2.3 Development of Cost profiles 
With the product life cycle defined and cost estimating approaches established, it is now 
appropriate to develop a cost profile (or cost projection) illustrating the distribution of costs 
over the life cycle. In developing cost profile, there are different approaches that may be 
followed. 
The following are suggested by Hussein (2008): 
1. Identify all activities throughout the life cycle that will generate costs of one type or 
another. 
2. Relate each activity identified in step 1 to a specific cost category the cost breakdown 
structure (CBS). 
3. Establish the appropriate cost factors in constant dollars for each activity in the CBS, 
where constant dollars reflect the general purchasing power of constant dollars that will 
allow for a direct comparison of activity levels for year to year prior to the introduction 
of inflationary cost factors, changes in price levels, economic effects of contractual 
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agreements with suppliers, and so on, which often cause some confusion in the 
evaluation of alternatives. 
4. Within each cost category in the CBS, the individual cost elements are projected into 
the future on a year-to-year basis over the life cycle as applicable. The result should be 
a cost stream in constant dollars for the activities that are included. 
5. For each cost category in the CBS, and for each applicable year in the life cycle, 
introduce the appropriate inflationary factors, economic effect of learning curves, 
changes in price levels, time value of and so on. The modified values constitute a new 
cost stream and reflect realistic costs as they are anticipated for each year of the life 
cycle. 
6. Summarise the individual cost streams by major categories in the CBS and develop a 
top-level cost profile. 
3. Result Analysis 
3.1 Identification of High Cost Contributors 
After obtaining the results of LCC, it may be (interesting) to identify those areas of 
potential risk and where possible improvement can be introduced with the objective of 
reducing the overall life-cycle cost. In other words, the analyst can review the initial results 
of the analysis, identify the high cost areas determine possible causes, and make 
recommendations for improvement leading to a lower overall life-cycle cost. 
3.2 Accomplishment of sensitivity analysis 
When completing LCC, there may be a few key parameters about which the analyst is 
very uncertain due to inadequate input data, initial assumptions, pushing the state-of-art, or 
any combination of factors. The sensitivity analysis can be extremely beneficial to the 
decision maker, and often conveys more information than any other single aspect of the 
overall life cycle cost analysis process. The analyst can readily identify cause and effect 
relationships, is able to predict trends, and is better prepared to respond to the “what if” 
questions. 
4. Decision Making 
The LCCA process concludes with the decision-making-process, choosing the alternatives 
considered best, and defining the principle recommendation and actions for improvement. 
 
5.2. Application of the LCC method 
5.2.1. Preliminary definition 
The purpose of the study is to investigate the economic savings of using remanufactured wheelset 
bearings throughout the life cycle of a rail vehicle, compared with using new manufactured bearings. 
In order to undertake such analysis, the use of wheelset bearings in the different phases of rail 
vehicles is first analysed. Then the comparison of the two options is performed by creating two 
different scenarios; a first scenario which does not consider remanufacturing as a maintenance 
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option for wheelset bearings, and a second scenario which does consider remanufacturing over the 
life cycle of the rail vehicle. Within these two scenarios, three different alternatives have been 
defined and studied to better explain the economic impact of the inclusion of the wheelset bearing 
remanufacturing activity.  
The study is intended to provide economic information about the use of remanufactured bearings 
throughout the rail vehicle service life, from the vehicle operator perspective. 
The reasons for carrying out this study are essentially: 
• to analyse the economic benefits of using remanufactured bearings in the rail industry; 
• to promote the bearing remanufacturing service in maintenance activities, by quantifying its 
economic savings respect non-remanufacturing strategies. 
The type of bearing to be analysed is a compact tapered roller bearing with the commercial 
designation BT2-8690 (see Section 3.2), mounted on an Electric Multiple Unit (EMU) vehicle model 
Desiro 444, widely used in the UK. This particular rail vehicle is composed of two traction cars and 
three trailer cars. Each car contains eight bearings, making a total of forty bearings per vehicle.  
 5.2.1.1 Definition of the problem 
Wheelset bearings are some of the most critical mechanical components of rail vehicles. They are 
the link between the wheels and the car body and their function is to bear all the load of the vehicle, 
minimising the friction between the axlebox and the wheel axle. 
The bearings, as any other mechanical component, have a limited operational or service life, which 
in this case is significantly lower than the total life of the rail vehicle. Given this fact, they have to be 
exchanged by others that are in good condition after a certain amount of time or mileage. This 
predictive maintenance activity is fundamental to ensure the availability and safety of rail vehicles. 
Bearing failure may have disastrous consequences, bringing from unscheduled maintenance, and 
therefore financial losses for the rail operator or maintainer, or accidents, with unpredictable 
consequences. 
As seen in Section 3.2, and according to the standard ISO 281:2007 (ISO281, 2007), four main 
interdependent factors affect the total bearing service life: lubrication, contamination, load, and 
fatigue stress limit of the bearing material. However, the actual bearing life is extremely complicated 
to be estimated as its performance may be affected by other external factors such as an inadequate 
installation or a possible misalignment of the wheels shaft of the rail vehicle. 
The rail vehicle “Siemens Desiro 444” and a roller bearing with the commercial model BT2-8690 have 
been considered in this study. The limit of the service life of this bearing – defined in the design 
phase by the manufacturer – is at a mileage of 3 million km. However, it is impossible to ensure the 
proper lubricating condition of the bearings for that long, so they have to be maintained at 1 million 
km for traction cars and at 1.2 million km for trailer cars; the reason for that difference of mileage is 
that wheelset bearings find tougher mechanical conditions in traction cars than in trailer cars. 
Two different maintenance scenarios can be adopted at this point.  
• On the first one, used bearings can be exchanged by new manufactured units.  
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• On the second scenario, the used bearings can be remanufactured, allowing them to be used 
again, as long as they are kept in good condition and their maximum service life is not 
exceeded. 
As explained in Section 3.3, during the remanufacturing process the bearings are cleaned, 
thoroughly inspected, some components are replaced if required, re-lubricated, and finally mounted 
again. At this point, the bearings are considered “like-new” products, and they can be used again 
until the next maintenance review. However, not all the used bearings can be remanufactured. 
During the inspection, different defects can be found (see Section 3.2) making impossible their 
remanufacturing, and consequently making necessary to scrap the bearing. 
The purpose of this chapter is to help to better understand the economic benefits of the 
remanufacturing of wheel set bearings. Three alternatives have been defined within the two 
maintenance strategies identified above. Each alternative includes an estimation of the life cycle 
cost related to the use of wheelset bearings over the rail vehicle’s life cycle. These estimations are 
based on a theoretical framework, where different assumptions and considerations have been 
incorporated. 
All the estimations made in this study refer to the economic impact of all the wheelset bearings of a 
rail vehicle throughout its life cycle. 
 Assumptions included in the study 
I. All the analysis is based on a theoretical framework where maintenance is planned from the 
beginning to the end-of-life of the rail vehicle. The considered timespan is 30 years. 
II. The life cycle cost estimations are based on the bearing model BT2-8690, and from the user 
perspective, which in this case would be railway operators or vehicle owners.  
III. A specific rail vehicle has been taken as an example. This vehicle is an Electric Multiple Unit 
(EMU) model Siemens Desiro 444, composed of two traction cars and three trailer cars. As 
each car contains eight bearings, the total amount of bearings per vehicle is 40. 
IV. As previously explained, bearing failure may occur during the operation of the rail vehicle. 
Different technology is used to monitor wheelset bearings performance, from sensors 
installed inside the bearing to external acoustic monitoring systems. This study has considered 
a bearing failure rate during operation of 0 %.  
V. Similar to the previous point, some bearings that are sent to be remanufactured may not be 
able to be re-used because of detected defects during the process (see Section 3.2). Initially, 
the study considers that 100 % of the bearings that are sent to remanufacture are able to be 
reused afterwards. Then, a sensitivity analysis is performed below in this chapter, including 
different rates of bearing rejection, to investigate the variation of cost savings among the 
different alternatives.  
5.2.1.2 Identification of feasible alternatives 
Within the two maintenance scenarios defined above – the use of new manufactured bearings vs. 
remanufactured bearings – three alternatives have been defined in order to better understand the 
economic benefits of the remanufacturing of wheel set bearings:   
Alternative 1 – Use only new manufactured bearings. The rail vehicle is mounted with new 
wheelset bearings in the beginning of its life cycle. Then, the used bearings are only replaced with 
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new manufactured units. Thus, wheelset bearings from traction cars are exchanged by new units 
every 1 million km, and bearings from trailer cars are exchanged every 1.2 million km, until the end 
of the vehicle’s service life. 
Alternative 2 – Remanufacture the bearings only once. This second alternative includes the 
remanufacturing of the used wheelset bearings once. Even though the theoretical bearings service 
life is not matched after the first remanufacturing, they are replaced by new units after being re-
used. Thus, wheelset bearings from traction cars are remanufactured and re-used at 1 million km, 
and then new units are mounted after 2 million km. This sequence is repeated until the vehicle’s end 
of life. Trailer car bearings are remanufactured and re-used at 1.2 million km. Then, new bearings 
are mounted at the second maintenance review, at 2.4 million km. This sequence is repeated until 
the vehicle’s end of life.  
Alternative 3 – Remanufacture the bearings twice. The third alternative considers also 
remanufacturing of the wheelset bearings, including a second remanufacturing process, so bearings 
can be used until they reach their maximum service life, 3 million km. Thus, traction car bearings are 
remanufactured and re-used after their first 1 million km, and again after the 2 million km. When 
they reach 3 million km, they are scrapped and replaced by new units. The sequence is repeated 
until the vehicle’s end of life. Trailer cars wheelset bearings are remanufactured and re-used after 
their first 1.2 million km, and again after 2.4 million km. As the bearings in traction cars, they are 
replaced by new units when they reach their maximum service life, at 3 million km. Again, the 
sequence is repeated until the vehicle’s end-of-life. 
Figure 39 below shows a graphic representing the three alternatives explained above. 
 
Figure 39. Definition of the three scenarios included in the study 
 
5.2.1.3 Development of Cost Breakdown Structure (CBS) 
The calculation of the wheelset bearings life cycle cost is the summation of the cost estimates 
related to their use throughout the entire rail vehicle service life. Three main cost categories have 
been identified in order to develop the analysis for each defined scenario: 
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I. Acquisition Costs – are the costs related to the acquisition of the wheelset bearings and are 
incurred in the beginning of the rail vehicle life cycle.  
II. Ownership Costs – are the costs related to the use of wheelset bearings throughout the 
operational phase of the vehicle. They include the maintenance costs of the bearings, which 
depend on the chosen maintenance strategy.  
III. Disposal Costs – are the costs of disposing the scrapped bearings after they have been used. 
This may occur during the maintenance of the rail vehicle, where bearings are being 
periodically replaced by new ones or in the end of the vehicle’s life, where all components 
are disposed. 
The cost breakdown structure has been represented in Figure 40. 
 
Figure 40. Cost Breakdown Structure (CBS) of the wheelset bearings life cycle 
 
The different cost elements identified in each cost category are described below for each 
maintenance alternative: 
• Maintenance Alternative 1 - The cost breakdown structure of the maintenance Alternative 1 will 
incur in the following categories: In the Acquisition costs category, the purchasing costs of the 
new bearings will be considered, as well as the cost of mounting the bearing on the vehicle. In 
the Ownership cost category, the cost of dismounting and mounting the bearings will be 
considered; as well as the cost of the purchase of new bearings. Transport costs of the bearings 
from the supplier factory (Italy) to the operator site (UK) will be considered. Finally, in the 
Disposal costs category, the cost of transport of the scrapped bearings from the operator’s 
depot to the recycling plant is included. Alternative 1 does not consider the possibility to 
remanufacture the used bearings; so remanufacturing costs are not included. 
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• Maintenance Alternative 2 - This maintenance alternative considers the remanufacturing of the 
wheelset bearing once. Thus, the cost breakdown structure will incur in the following categories: 
In the Acquisition costs category, the cost of purchasing the first new bearings is considered, as 
well as the cost of the first mounting of the bearings. In the Ownership costs category, the cost 
of mounting and dismounting the bearings is considered, as well as the purchase cost of the new 
and remanufactured bearings used throughout the train’s maintenance plan. The cost of the 
transport of the new and remanufactured bearings from the factory (Italy) and the workshop 
(UK), respectively, is considered. Finally, in the Disposal costs category, the cost of transport of 
the scrapped bearings from the operator depot to the recycling plant is considered.  
• Maintenance Alternative 3 – in order to go further in the analysis, and to have a more realistic 
data for the decision making, a third alternative has been considered. Maintenance Alternative 3 
considers remanufacturing of the wheelset bearings, as Alternative 2. However, it considers a 
second remanufacturing, allowing the bearings to reach their maximum service life. The same 
cost elements as Alternative 2 are included in Alterative 3. 
As explained previously, two important assumptions are considered in the first analysis; it is 
assumed that the bearings don’t fail in service, so they last for the defined mileage, and that all the 
bearings that are sent to be remanufactured don’t present defects and can be used again. However, 
to have a better understanding of the variation in costs savings among the different alternatives, a 
sensibility analysis is performed in the end of this chapter, including different rejection rates during 
the remanufacturing process, which will affect the total cost of alternatives 2 and 3. 
Table 22 shows a generic description of the costs elements identified above: 
 
Cost element Description 
New bearing price It is the cost of purchasing a new manufactured bearing. The bearing is 
manufactured in a factory in Italy, about 1000 km from the operator’s depot. 
The price does not include the transport cost. 
Remanufactured 
bearing price  
It is the price of purchasing a remanufactured bearing. The bearing is 
remanufactured in a facility in the UK, about 100 km from the operator’s 
depot, where the rail vehicle is maintained. The price does not include the 
transport cost.  
Transport New bearing It is the cost of transport of one bearing unit from the factory located in Italy, 
to the operator depot, in the UK. The distance is about 1000 km and is 
covered by road. 
Transport 
Remanufactured 
bearing 
It is the cost of transport of one remanufactured bearing from the 
remanufacturing facility, un the UK, to the operator depot, also in the UK. 
The distance is about 100 km and is covered by road. 
Mounting It is the cost of mounting one wheelset bearing on the rail vehicle, in the 
beginning of the vehicle life. 
Mounting/Dismounting It is the cost of dismounting the used bearing from the vehicle and then 
mounting the new or remanufactured unit.  
Bearing disposal It is the cost of transporting the scrapped bearing from the maintenance 
facility to the waste plant. 
Dismounting end-of-life It is the cost of the dismounting of the bearings ate the end-of-life of the 
vehicle. 
Table 22. Description of the identified cost elements in the Cost Breakdown Structure 
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Non-considered costs 
o Wheelset bearings in operation have a certain degree of friction, which may have a 
significant impact on the total energy needed to move the rail vehicle. This friction or 
resistance could be calculated for each bearing mounted on the vehicle, and then calculate 
the total amount of energy (electricity in this case) needed to counteract this resistance. 
Finally, the cost of using this amount of energy could be calculated and be included into the 
wheelset bearings’ life cycle cost analysis. 
Due to the lack of data, the cost related to the energy lost during the operation of the rail 
vehicle due to the bearings friction has not been included in this study. 
o During the mounting/dismounting of the bearings on the vehicle, only manpower costs are 
considered. Due to lack of data, other costs related to the electricity use during the process, 
use of facilities, training of the personnel (and others), have not been included in the 
analysis. 
o The cost of taking the rail vehicle to the depot for undertaking maintenance is not included. 
o The cost of having the vehicle inoperative whilst it is being maintained is not included. 
o Cost of maintenance management and data management have not been included in the 
analysis. 
 
5.2.2. Cost Valuation 
5.2.2.1 Selection of Cost Model 
The total cost of the wheelset bearings for the two chosen alternatives can be calculated by 
summarising the defined costs at each stage of the rail vehicle’s life cycle, i.e. acquisition, ownership 
and disposal.  
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5.2.2.2 Development of Cost Estimates 
Data obtained from SKF and other assumptions have been compiled in order to estimate the 
different costs. Table 23 below shows how the cost elements have been estimated for the analysis. 
 
5.2.2.3 Development of Cost profiles 
Once the cost elements have been estimated, the cost profiles of each alternative can be prepared. 
A maintenance plan related to the wheelset bearings is developed for each alternative in a 
spreadsheet taking into consideration the 30 years’ service life of the rail vehicle (see Table 31 in 
Appendix D1).  
Table 24 shows the cost profile calculation of Alternative 1. An explanation of the calculation of the 
spreadsheet is given below.  
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 Cost Estimates 
Cost element   Alternative 1 Alternative 2 Alternative 3 
Acquisition costs 
New bearing 
price 
The price of a new manufactured 
unit equals to 400 €. The price 
does not include transport cost. 
Equivalent to Alternative 1 Equivalent to Alternative 1 
Bearing mounting 0,5h x 1 person x 40 € = 20 € 
 
Equivalent to Alternative 1 Equivalent to Alternative 1 
Transport new 
bearing 
Price of transport: 0.0013 
€/kg.km; 0.0013 x 30 kg x 1000 
km = 40 € 
Equivalent to Alternative 1 Equivalent to Alternative 1 
Ownership costs 
New bearing 
price 
The price of a new manufactured 
unit equals to 400 €. The price 
does not include transport cost. 
Equivalent to Alternative 1 Equivalent to Alternative 1 
Remanufactured 
bearing price 
Non applicable The price of a remanufactured 
bearing equals to 200 €. The 
price does not include 
transport  
Equivalent to Alternative 2 
New Bearing 
mounting/ 
Dismounting  
0,75h x 1 person x 40 € = 30 € 
 
 
Equivalent to Alternative 1 Equivalent to Alternative 1 
Reman. Bearing 
mounting/ 
dismounting 
Non applicable 0,75h x 1 person x 40 € = 30 € 
 
Equivalent to Alternative 2 
Transport New 
bearing 
Price of transport: 0.0013 
€/kg.km; 0.0013 x 30 kg x 1000 
km = 40 € 
Equivalent to Alternative 1 Equivalent to Alternative 1 
Transport 
Remanufactured 
bearing 
Non applicable Price of transport: 0.0033 
€/kg.km; 0.0033 x 30 kg x 100 
km = 10 € 
Equivalent to Alternative 2 
Disposal Costs 
Bearing disposal Cost of transport of scrapped 
bearing from depot to waste 
plant. 
Price of transport: 0.0033 
€/kg.km; 0.0033 x 30 kg x 50 km = 
5 € 
Equivalent to Alternative 1 Equivalent to Alternative 1 
Dismounting end-
of-life 
0,5h x 1 person x 40 € = 20 € 
 
Equivalent to Alternative 1 Equivalent to Alternative 1 
 
Table 23. Estimation of the cost elements included in the LCC study 
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Table 24. Analysis of life cycle cost over the rail vehicle’s life cycle 
 
The maintenance strategy in the defined Alternative 1 does not include the possibility to 
remanufacture the wheelset bearings. The used bearings are replaced by new manufactured 
bearings at the established mileage. 
As defined previously, the rail vehicle is composed of 5 cars; two traction cars and three trailer cars. 
Each car contains eight wheels, and each wheel operates with one wheelset bearing BT2-8690. The 
bearings have different maintenance requirements depending on which type of car they are 
mounted; traction cars wheelset bearings have to be maintained after 1 million km, and traction cars 
wheelset bearings at 1.2 million km. The failure of the bearings within these periods is considered 
null in this first estimation.  
All considered cost elements for Alternative 1 are included in the columns on the left in Table 24. 
Then each cost is calculated and allocated in the respective mileage, depending on the maintenance 
requirements. Discount factors or variation of annual costs (e.g. inflation) have not been considered 
for the life cycle cost estimation. An explanation of this calculation is given below. 
According to the Cost Breakdown Structure defined in the study, three main cost categories have 
been identified: acquisition costs, ownership costs and disposal costs. Acquisition costs are incurred 
in the beginning of the rail vehicle’s life cycle, so they all occur in “year 0”. Costs considered are: 
New bearing acquisition, transport of the bearing from the factory to the maintenance depot, and 
mounting of the bearing on the vehicle. Table 25 shows how the calculation is made for each cost 
element. 
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Cost element Traction cars (16 bearings) Trailer cars (24 bearings) 
New bearing 16 brgs x 400 € = 6.400 € 24 brgs x 400 € = 9.600 € 
Mounting 16 brgs x 20 € = 320 € 24 brgs x 20 € = 480 € 
Transport 16 brgs x 40 € = 640 € 24 brgs x 40 € = 960 € 
Table 25. Calculation of wheelset bearings’ LCC at 0 km. 
 
After the initial acquisition phase, the rail vehicle starts to operate and wheelset bearings, as well as 
other components, have to be maintained periodically. For the wheelset bearings mounted on 
traction cars this occurs at a mileage of 1 million km. The costs incurred at this stage are included in 
Table 26: the dismounting of the used bearings and the mounting of new units, the acquisition of 
new manufactured bearings, transport costs, and the cost of disposing the scrapped bearings. The 
same cost elements with different values are incurred at 1.2 million km for the trailer cars. 
Cost element Traction cars (16 bearings) Trailer cars (24 bearings) 
New bearing 16 brgs x 400 € = 6.400 € 24 brgs x 400 € = 9.600 € 
Mounting/Dismounting 16 brgs x 30 € = 480 € 24 brgs x 30 € = 720 € 
Transport 16 brgs x 40 € = 640 € 24 brgs x 40 € = 960 € 
Scrapped brgs disposal 16 brgs x 5 € = 80 € 24 brgs x 5 € = 120 € 
Table 26. Calculation of wheelset bearings' LCC at 1 million and 1.2 million km. 
 
The explanation above is an example of how the estimations have been performed to calculate the 
life cycle costs for each of the three maintenance alternatives. Tables 27 and 28 below represent the 
LCC estimations for Alternative 2 and Alternative 3. 
 
Table 27. LCC estimations for Alternative 2 
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Table 28. LCC estimations for Alternative 3 
 
5.2.3 Results analysis 
The life cycle cost results of the three alternatives are analysed in this section, and the major cost 
contributors are identified and discussed. Finally, a sensitivity analysis is performed in order to 
analyse how the variation of certain factors affect to the final result. 
5.2.3.1 Identification of high cost contributors 
The maintenance choice with a higher life cycle cost is Alternative 1, with a total cost of 122.000 € in 
the end of the vehicle’s service life. Basically, this is due to the fact that this alternative only 
considers replacing the wheelset bearings for new manufactured units, which have a significantly 
higher cost than the remanufactured.  
Alternatives 2 and 3, present accumulated costs of 93.800 € and 84.400 € respectively, which in turn 
represent saving rates of 23 % and 30 % in comparison with Alternative 1. The graphic in Figure 41 
shows the accumulated life cycle costs of wheelset bearings throughout the life cycle of the rail 
vehicle for each one of the defined alternatives.  
After introducing a second remanufacturing of the wheelset bearings in Alternative 3, the LCC has 
been reduced by 10 % respect the Alternative 2, where only one remanufacturing is considered. 
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Figure 41. Life cycle cost of the three defined alternatives over the rail vehicle service life (30 years) 
 
Looking independently to the three cost categories – acquisition, ownership, and disposal costs – the 
results show how the major costs for the three alternatives fall back into the ownership phase, as 
anticipated in the introduction of this chapter. For instance, acquisition costs for Alternative 1 
represent 15 % of total LCC, ownership costs the 83.2 %, and disposal costs 1.7 %. As Figure 42 
shows, even though the weight of ownership costs slightly decreases for Alternatives 2 and 3, they 
still represent the major part of the total LCC. 
 
 
Figure 42. Variation of the cost contribution according to the cost category 
 
In order to better understand how the different cost elements affect individually to the total LCC, a 
dominance analysis is performed. The graphic in Figure 43 shows the weight of each cost element 
over the entire life cycle estimation for each alternative.  
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Figure 43. Cost elements dominance analysis for the three alternatives 
 
The costs related to the purchasing of new manufactured wheelset bearings represent the 84 % of 
the total costs in Alternative 1. The cost of the transport of such bearings from the supplier to the 
rail vehicle maintenance facility, and the cost of the bearings mounting/dismounting activity, 
represent the 8 % and 5 % respectively respect the whole costs.  
The costs of purchasing new manufactured bearings decreases significantly in Alternative 2 respect 
the first one, representing the 58 % of the total costs. This is due to the inclusion of remanufactured 
bearings which represent the 26 % of the total cost. All the other costs have a negligible variation 
respect Alternative 1. 
In Alternative 3, the costs of purchasing new manufactured and remanufactured bearings represent 
the 45 % and the 38 %, respectively, of the total cost. The other costs are similar than in Alternatives 
1 and 2.  
 
5.2.3.2 Sensitivity analysis 
The previous life cycle costs estimations have been performed under the assumption that all the 
bearings that are sent to remanufacture do not present any defect, so any of them is scrapped and 
after remanufacturing they are re-used until the next maintenance review, where they are 
remanufactured again or scrapped. 
This doesn’t occur in the reality. A certain percentage of the used bearings are not able to be 
remanufactured as they present some of the defects explained in Section 3.2, so they have to be 
scrapped.  
Bearing rejection may occur in the first or second remanufacturing process. Alternative 1 does not 
include remanufacturing, so this is not applicable to that case. Alternative 2 includes one 
remanufacturing process per bearing, and Alternative 3 includes two. 
The rate of bearing rejection may change considerably the estimations made for the Alternatives 2 
and 3. For this reason, a sensitivity analysis is performed in this section, aiming to evaluate the 
extent that the variation of the rate of bearing rejection due to the presence of defects affects the 
life cycle cost estimates. 
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a. Economic variation including rejection rates in Alternative 2 respect Alternative 1 
A 23 % life cycle cost reduction has been estimated for Alternative 2 respect Alternative 1 earlier in 
this chapter. This result has been calculated with a 0 % rate of bearing rejection during the 
remanufacturing process in Alternative 2. The aim of this section is to analyse the economic 
variation of the cost savings between Alternative 1 and Alternative 2, considering different rates of 
bearing rejection. 
Rejection rates of 10, 25, 30, 40, and 50 % are analysed individually. For the analysis, it is considered 
that the rejection rate is stable throughout the timespan of the estimated life cycle (30 years). 
The calculation of such analysis can be found in Appendix D2. The results of such calculations are 
represented below in the graphic shown in Figure 44. 
 
 
Figure 44. Savings between Alternatives 1 & 2 given different rejection rates in the remanufacturing process 
 
 
The graphic in Figure 44 shows the expected decrease of the life cycle cost savings of Alternative 2 
respect Alternative 1 when a rejection ratio is included in the analysis. The higher the rejection rate 
the smaller the cost savings of Alternative 2, due to the need to install new manufactured bearings 
on the rail vehicle, which are significantly more expensive than the remanufactured.  
Thus, when the rejection rate is 10 %, the difference of cost between the two alternatives drops to 
21 %. The higher rejection rate considered in the study is 50 %, giving a difference of cost of 15 %. 
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b. Economic variation including rejection rates in Alternative 3 respect Alternative 1 
Alternative 3 includes a second remanufacturing of the wheelset bearings, so they can be re-used 
twice after maintenance. The inclusion of this second remanufacturing process allows Alternative 3 
to present a life cycle cost 30 % lower than Alternative 1, and 10 % lower than Alternative 2, 
according to the estimations made in the beginning of this chapter, where rejection rates were not 
included. 
Similar to the previous point, the aim of this section is to evaluate the economic variation of the cost 
savings between Alternative 1 and Alternative 3, when including different rates of bearing rejection 
during the remanufacturing process.  
The results obtained with the considered rates are compiled in Table 29. Rates from 0% to 100% are 
included in the table. It has been considered that the second remanufacturing cannot present an 
inferior rejection rate than the first remanufacturing. 
 
Table 29. Benefit variation of Alternative 3 respect alternative 1 with different rejection rates 
 
Table 29, which contains the variations of life cycle cost of Alternative 3 respect Alternative 1 given 
different rejection rates for the first and second remanufacturing, is designed to help decision 
makers with the analysis. The values obtained at the top row of the table, those corresponding to a 
100 % rejection rate in the second remanufacturing, are the equivalent values for Alternative 2 and 
1; being Alternative 1 only the value obtained with a 100 % rejection rate in the first and second 
remanufacturing. Different colours have been used to differentiate the amount of savings between 
the alternatives 2 and 3 respect Alternative 1. Thus, those values in the green area present savings 
between 20 % and 30 %; those in the yellow area, between 10 and 20 %; and finally, those in the red 
area, between 0 and 10 %. 
100% 23% 21% 20% 18% 16% 15% 14% 9% 7% 6% 0%
90% 23% 22% 21% 18% 16% 15% 14% 9% 8% 7% -
80% 24% 23% 22% 19% 17% 16% 15% 10% 9% - -
70% 25% 24% 22% 20% 18% 16% 16% 12% - - -
60% 26% 25% 23% 21% 19% 17% 17% - - - -
50% 27% 25% 24% 22% 20% 18% - - - - -
40% 28% 26% 25% 23% 21% - - - - - -
30% 28% 27% 26% 24% - - - - - - - 20-30% savings (Alt 3-1)
20% 29% 27% 25% - - - - - - - - 10-20% savings (Alt 3-1)
10% 30% 28% - - - - - - - - - 0-10% savings (Alt 3-1)
0% 30% - - - - - - - - - -
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
2
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At first sight, it is observed how the difference of cost decreases as the rejection rate increases. This 
is because the more bearings are rejected in the remanufacturing line, the more new manufactured 
bearings have to be purchased to be mounted on the vehicle. It is noticeable that the for a 50 % 
rejection rate in both remanufacturing processes, still an 18 % of cost savings can be obtained, given 
the  defined scenario. 
When looking at the table, if a value above 20 % in costs savings wants to be achieved, decision 
makers should accept a maximum rejection rate of 40 % for both the first and second 
remanufacturing. For the same 20 % cost savings target, and as seen in the sensibility analysis for the 
Alternative 2, a maximum rejection rate of 10 % should be accepted if a second remanufacturing is 
avoided. 
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5.2.4 Conclusions 
The objective of Chapter 5 was to investigate the potential cost savings related to the use of 
remanufactured wheelset bearings throughout the life cycle of a rail vehicle, compared with the use 
of new manufactured bearings. 
Three alternatives representing different maintenance strategies have been defined in order to do 
the analysis: Alternative 1, only considers the use of new manufactured wheelset bearings over the 
life of the vehicle; Alternative 2, considers the remanufacturing of the wheelset bearings only once; 
and Alternative 3, considers the remanufacturing of the wheelset bearings twice. 
The analysis conducted is related to the use of wheelset bearings in “one” rail vehicle over its life 
cycle. The vehicle selected is composed of 5 cars, two traction cars and three trailer cars, giving a 
total amount of 40 bearing per vehicle. 
The life cycle costs of the three alternatives have been estimated first considering that the rejection 
rate (the percentage of bearings that are scrapped during the remanufacturing process because 
defects have been detected) is null. Then, a sensibility analysis has been performed, analysing the 
variations in the life cycle costs between the alternatives when different rejection rates are applied. 
The maintenance choice with a higher life cycle cost is Alternative 1. Alternatives 2 and 3 present 
costs 23 % and 30 % lowers than Alternative 1, respectively. Alternative 3, which considers a second 
remanufacturing process of the wheelset bearings, presents a life cycle cost about 10 % lower than 
Alternative 2. 
Different rejection rates have been considered then for Alternatives 2 and 3 in order to compare the 
cost savings between them and Alternative 1. It is observed how the difference of cost decreases as 
the rejection rate increases. This is because the more bearings are rejected in the remanufacturing 
line; the more new manufactured bearings have to be purchased to be mounted on the vehicle 
For Alternative 2, a rejection rate of 10 % represents a 2 % reduction of the saving costs respect 
Alternative 1. The highest rejection rate considered for Alternative 2 is 50 %, leaving a difference of 
cost respect Alternative 1 about 15 %.  
Rates from 0 to 100% have been included in the analysis of Alternative 3. It has been considered that 
the second remanufacturing cannot present an inferior rejection rate than the first remanufacturing. 
The results show how cost savings can still be obtained when high rates of bearing rejection are 
applied: a cost reduction of 7 % can still be obtained with a 90 % rejection rates in both 
remanufacturing processes. 
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CHAPTER 6 
Final conclusions 
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6. Final Conclusions 
In this chapter, the results of the two analyses performed are presented in relation with the 
objectives of the project. 
Replacing rail vehicles’ wheelset bearings by new ones or by remanufactured units are two options 
that decision makers have to evaluate when maintaining the rail vehicles.  
Remanufacturing of wheelset bearings is presented in this project as a maintenance option that can 
help rail operators to maximise the reliability, availability and safety of their vehicles, whilst reducing 
significantly the environmental and economic impact throughout the vehicles’ life cycle. Two main 
objectives have been defined in this project, in order to investigate and document the above 
benefits, and to support decision makers in choosing the most adequate alternative when 
considering environmental and economic factors: 
1. To investigate the environmental benefits of using remanufactured wheelset bearings in rail 
vehicles compared with using new manufactured units. 
2. To investigate the potential cost savings related to the use of remanufactured wheelset 
bearings throughout the life cycle of a rail vehicle, compared with the use of new 
manufactured units. 
The Life Cycle Assessment methodology and Life Cycle Cost Analysis have been used to achieve the 
objectives above. 
In the environmental analysis, two main scenarios have been considered: 1) not using 
remanufactured bearings, and 2) using remanufactured bearings, throughout the vehicle’s life cycle. 
The results show that a significant reduction of resources use, waste generation, emissions to air, 
and overall environmental impact is obtained when applying remanufacturing practices over the life 
cycle of wheelset bearings used in rail vehicles: an average of 60 % less of materials and primary 
energy used can be saved; a 62 % less of waste is generated; and, the emissions to air of harmful 
substances such as CO2, NOx or SO2 can be reduced about 65 %. The total emissions of CO2 
equivalents are 414 kg when remanufacturing is not used, whilst 145 kg are emitted with 
remanufacturing, throughout the rail vehicle life cycle (given the scenarios presented in the study).   
A third alternative has been included in the economic analysis, which considers the possibility to 
remanufacture the bearing once or twice. Thus, the first alternative only considers the use of new 
manufactured bearings; the second considers the remanufacture of the bearings once; and the third 
alternative the remanufacturing of the bearings twice, reaching then the limit of their designed life. 
The results obtained show that the maintenance costs of the wheelset bearings throughout the rail 
vehicle’s life cycle can be reduced about 23 % and 30 % if the bearings are remanufactured once and 
twice, respectively, compared with using only new manufactured bearings. 
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6.1 Future research 
This project has analysed the environmental and economic benefits of rail vehicles’ remanufactured 
wheelset bearings respect new manufactured bearings, from a life cycle perspective. 
Given the time restrictions and the limited availability of data, different assumptions and 
considerations have been made in order to carry out the study. Further research on both, 
environmental and economic studies, could be useful to obtain more accurate figures, supporting 
better the decision making. The following points give some examples of such possible further 
research: 
I. The overall results are based on a defined maintenance scenario, which is based only on 
predictive maintenance (corrective maintenance is not considered) and does not take into 
consideration other components of the rail vehicle.  
However, the maintenance of rail vehicles has to be planned with a holistic view, taking into 
consideration the requirements of all the vehicles’ components, so that their availability, 
reliability and safety are maximised whilst costs are minimised. In addition, a certain 
percentage of components fail in service, and corrective maintenance is then required to 
ensure vehicles’ good condition. 
Future research could include the use of a more realistic scenario, where more accurate data 
regarding the maintenance requirements of the whole system were considered, allowing to 
better understand the actual environmental and economic benefits of the remanufactured 
wheelset bearings.  
II. The environmental and economic analyses have been performed separately in this study. 
This is mainly due to the difficulty of defining a proper scenario that could meet both 
analyses objectives, and because of the complexity of the Life Cycle assessment data 
collection and calculation. 
For instance, it has been considered appropriate to include in the economic analysis 
different rejection rates during the remanufacturing process, so that the variation on cost 
savings among the different alternatives due to those rejections could be evaluated. This 
implies the introduction of more variables and environmental related data in the model, if 
the environmental performance of such scenario wants to be evaluated. 
Further research could include the inclusion of the two analyses in the same scenario, so 
that environmental and economic impacts related to the use of wheelset bearings 
throughout the whole vehicle life could be acknowledged. 
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Appendix A. Inventory datasets 
This section includes additional inventory data for the unit processes for which site specific data has 
been acquired. 
A1. Rollers production 
 Flowchart 
The main activities for the rollers production in the manufacturing facility in Germany are presented 
in Figure 45. 
 
Figure 45. Bearing rollers production; modelled gate-to-gate system 
 
 Dataset documentation 
I. Product 
Steel roller for tapered roller bearing unit produced from recycled steel. 
II. Functional unit 
The functional unit is one unit of steel roller bearing. 
III. Time horizon 
Annual averages calculated from data collected from 2011 production. 
IV. System boundaries 
This is a gate-to-gate dataset, to which adequate data for upstream processes must be connected. 
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V. Allocation methods 
The allocation is based on mass. 
Directly product related inputs, i.e. raw material, are allocated from product type level. 
Input raw material per roller unit = Input raw material for rollers [kg] 
     Produced rollers [kg] 
Support and waste flows are allocated from facility level. 
Input support and waste per roller unit = Input for entire facility [kg] 
      Produced rollers [kg]  
VI. Additional information 
Emissions to air and water are not included, whilst complete data was not available. 
Specific information for the processes “Pressing” and “Tumbling” has been not possible to obtain. 
 LCI results from gate-to-gate 
Results removed due to confidentiality. 
 
A2. Polymer cage production 
 Flowchart 
The main activities for the polymer cage production in the manufacturing facility in Germany are 
presented in Figure 46. 
 
Figure 46. Bearing polymer cage injection moulding process; modelled gate-to-gate system 
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 Dataset documentation 
I. Product 
Injection moulding bearing cages produced from polyamide granulate. 
II. Functional unit 
The functional unit is one unit of polyamide cage. 
III. Time horizon 
Annual averages calculated from data collected from 2011 production. 
IV. System boundaries 
This is a gate-to-gate dataset, to which adequate data for upstream processes must be connected. 
V. Allocation methods 
The allocation is based on mass. 
Directly product related inputs, i.e. raw material, are allocated from product type level. 
Input raw material per cage unit = Input raw material for cage [kg] 
     Produced cages [kg] 
Support and waste flows are allocated from facility level. 
 
Input support and waste per cage unit = Input for entire facility [kg] 
      Produced cages [kg]  
VI. Additional information 
Emissions to air and water are not included, whilst complete data was not available. Specific 
information for the processes “Granulate des-humidification” and “Cooling” has been not possible to 
obtain. 
 LCI results from gate-to-gate 
Results removed due to confidentiality. 
 
A3. Rings final treatment and bearing assembly 
 Flowchart 
The main activities for the rings final treatment and the bearing assembly in the manufacturing 
facility in Italy are presented in Figure 47. 
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Figure 47. Rings final treatment and bearing assembly process; modelled gate-to-gate system 
 
 Dataset documentation 
I. Product 
New manufactured compact tapered roller bearing unit. 
II. Functional unit 
The functional unit is one unit of roller bearing 
III. Time horizon 
Annual averages calculated from data collected from 2011 production. 
IV. System boundaries 
This is a gate-to-gate dataset, to which adequate data for upstream processes must be connected. 
V. Allocation methods 
The allocation is based on mass. Directly product related inputs, i.e. raw material, are allocated from 
product type level. 
Input raw material per bearing unit = Input raw material for bearings [kg] 
      Produced bearings [kg] 
Support and waste flows are allocated from facility level. 
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Input support and waste per bearing unit = Input for entire facility [kg] 
      Produced bearings [kg]  
VI. Additional information 
Emissions to air and water are not included, whilst complete data was not available. 
Complete data from the rings’ heat treatment processes have not been possible to obtain. Only 
information about the “Hardening” process is included. Data from the “Air cooling” and “Tempering” 
processes are not included.  
Electricity and thermal energy for support operations, i.e. administration etc., are included n the 
dataset. 
 LCI results from gate-to-gate 
Results removed due to confidentiality. 
 
 
A4. Bearing remanufacturing 
 Flowchart 
The main activities for the rings final treatment and the bearing assembly in the manufacturing 
facility in Italy are presented in Figure 48. 
 Dataset documentation 
I. Product 
A remanufactured compact tapered roller bearing unit. 
II. Functional unit 
The functional unit is one unit of remanufactured compact tapered roller bearing. 
III. Time horizon 
Annual averages calculated from data collected from 2011 production. 
IV. System boundaries 
This is a gate-to-gate dataset, to which adequate data for upstream processes must be connected. 
V. Allocation methods 
The allocation is based on mass. 
Directly product related inputs, i.e. raw material, are allocated from product type level. 
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Input raw material per bearing unit =  Input raw material [kg] 
     Remanufactured bearings [kg] 
Support and waste flows are allocated from facility level. 
Input support and waste per bearing unit =  Input for entire facility [kg]            
      Remanufactured bearings [kg]  
VI. Additional information 
Emissions to air and water are not included, whilst complete data was not available. 
 LCI results from gate-to-gate 
Results removed due to confidentiality. 
 
Figure 48. Bearing remanufacturing process; modelled gate-to-gate system 
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Appendix B. Supplier reporting form 
 
 
1  GENERAL INFORMATION
1.1 Contact information
Company Facility
Contact person Contact person
Address Address
Country Country
Direct phone Direct phone
Email address Email address
1.2 Time period for data
From: To:
YYYY-MM-DD YYYY-MM-DD
1.3 Type of product and production process
Type of product
(pre-defined)
Short description
of production
process
1.4 Delivered goods
Description Quantity Unit
Total delivered  from facility
Delivered  to SKF
2  INPUTS 
2.1 Raw materials and components used for  [Product related volumes]
Description Quantity Unit Weight Supplier(s) Location Comment
2.2 Auxiliary, e.g. process fluids etc. [Factory totals]
Description Quantity Unit Weight Supplier(s) Location Comment
2.3 Water  [Factory totals]
Description Quantity Unit Comment Supplier(s) Comment
Process water
2.4 Energy use - purchased energy  [Factory totals]
Type Quantity Unit Comment Supplier(s) Comment
Electricity
District Heating
Steam
Natural gas
Fuel oil
Liquid Petroleum Gas
Coal
Diesel
Gasoline
3  TRANSPORTS
3.1 Outbound transports  [Factory totals]
Description of goods Distance (km) Weight (total for data period) Unit Means of transport
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Table 30. Supplier reporting form used during the LCI process 
 
 
 
 
 
 
 
 
 
 
 
4  OUTPUTS
4.1 By-products  [Factory totals]
Description Quantity Unit Comment User/Receiver Comment
4.2 Waste to landfill  [Factory totals]
Description Quantity Unit Comment Receiver Comment
4.3 Known emissions to air  [Factory totals]
Description Quantity Unit Comment (origin etc.)
4.4 Known emissions to water  [Factory totals]
Quantity Unit Comment (origin etc.)
4.5 Hazardous waste handled by licence-holding company  [Factory totals]
Description Quantity Unit Comment (origin etc.) Receiver Comment
5  REMARKS/COMMENTS
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Appendix C. Description of result parameters 
A description of the result parameters included in this study is presented in this section. The source 
of this information is PE-International (2011). 
 Primary energy consumption  
Primary energy demand is often difficult to determine due to the various types of energy source. 
Primary energy demand is the quantity of energy directly withdrawn from the hydrosphere, 
atmosphere or geosphere or energy source without any anthropogenic change. For fossil fuels and 
uranium, this would be the amount of resource withdrawn expressed in its energy equivalent (i.e. 
the energy content of the raw material). For renewable resources, the energy-characterised amount 
of biomass consumed would be described. For hydropower, it would be based on the amount of 
energy that is gained from the change in the potential energy of the water (i.e. from the height 
difference). As aggregated values, the following primary energies are designated:  
The total “Primary energy consumption non-renewable”, given in MJ, essentially characterises the 
gain from the energy sources natural gas, crude oil, lignite, coal and uranium. Natural gas and crude 
oil will be used both for energy production and as material constituents e.g. in plastics. Coal will 
primarily be used for energy production. Uranium will only be used for electricity production in 
nuclear power stations.  
The total “Primary energy consumption renewable”, given in MJ, is generally accounted separately 
and comprises hydropower, wind power, solar energy and biomass.  
It is important that the end energy (e.g. 1 kWh of electricity) and the primary energy used are not 
miscalculated with each other; otherwise the efficiency for production or supply of the end energy 
will not be accounted for.  
The energy content of the manufactured products will be considered as feedstock energy content. It 
will be characterised by the net calorific value of the product. It represents the still usable energy 
content.  
 
 Waste categories  
There are various different qualities of waste. Waste is according to e.g. German and European 
waste directives.  
From the balancing point of view, it makes sense to divide waste into three categories. The 
categories overburden/tailings, industrial waste for municipal disposal and hazardous waste will be 
used.  
Overburden / tailings in kg: This category is made up of the layer which has to be re-moved in order 
to get access to raw material extraction, ash and other raw material ex-traction conditional materials 
for disposal. Also included in this category are tailings such as inert rock, slag, red mud etc.  
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Industrial waste for municipal disposal in kg: This term contains the aggregated values of industrial 
waste for municipal waste.  
Hazardous waste in kg: In this category, materials that will be treated in a hazardous waste 
incinerator or hazardous waste landfill, such as painting sludge, galvanic sludge, filter dusts or other 
solid or liquid hazardous waste and radioactive waste from the operation of nuclear power plants 
and fuel rod production. 
 
 Global Warming Potential (GWP)  
The mechanism of the greenhouse effect can be observed on a small scale, as the name suggests, in 
a greenhouse. These effects are also occurring on a global scale. The occurring short-wave radiation 
from the sun comes into contact with the earth’s surface and is partly absorbed (leading to direct 
warming) and partly reflected as infrared radiation. The reflected part is absorbed by so-called 
greenhouse gases in the troposphere and is re-radiated in all directions, including back to earth. This 
results in a warming effect at the earth’s surface.  
In addition to the natural mechanism, the greenhouse effect is enhanced by human activates. 
Greenhouse gases that are considered to be caused, or increased, anthropogenically are, for 
example, carbon dioxide, methane and CFCs. Figure 49 shows the main processes of the 
anthropogenic greenhouse effect. An analysis of the greenhouse effect should consider the possible 
long term global effects. 
The global warming potential is 
calculated in carbon dioxide 
equivalents (CO2-Eq.). This 
means that the green-house 
potential of an emission is given 
in relation to CO2 Since the 
residence time of the gases in 
the atmosphere is incorporated 
into the calculation; a time 
range for the assessment must 
also be specified. A period of 
100 years is customary. 
 
Figure 49. Greenhouse effect (ISO 14044:2006) 
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 Acidification Potential (AP)  
The acidification of soils and waters occurs predominantly through the transformation of air 
pollutants into acids. This leads to a decrease in the pH-value of rainwater and fog from 5.6 to 4 and 
below. Sulphur dioxide and nitrogen oxide and their respective acids (H2SO4 und HNO3) produce 
relevant contributions. This damages ecosystems, whereby forest dieback is the most well-known 
impact.  
Acidification has direct and indirect damaging effects (such as nutrients being washed out of soils or 
an increased solubility of metals into soils). But even buildings and building materials can be 
damaged. Examples include metals and natural stones which are corroded or disintegrated at an 
increased rate.  
When analysing acidification, it should be considered that although it is a global problem, the 
regional effects of acidification can vary. Figure 50 displays the primary impact path-ways of 
acidification 
The acidification potential is given 
in sulphur dioxide equivalents 
(SO2-Eq.). The acidification 
potential is described as the ability 
of certain substances to build and 
release H+ - ions. Certain 
emissions can also be considered 
to have an acidification potential, 
if the given S-, N- and halogen 
atoms are set in proportion to the 
molecular mass of the emission. 
The reference substance is sulphur 
dioxide. 
 
Figure 50. Acidification Potential (ISO 14044:2006) 
 
 
 Eutrophication Potential (EP)  
Eutrophication is the enrichment of nutrients in a certain place. Eutrophication can be aquatic or 
terrestrial. Air pollutants, waste water and fertilization in agriculture all contribute to 
eutrophication.  
The result in water is an accelerated algae growth, which in turn, prevents sunlight from reaching 
the lower depths. This leads to a decrease in photosynthesis and less oxygen production. In addition, 
oxygen is needed for the decomposition of dead algae. Both effects cause a decreased oxygen 
concentration in the water, which can eventually lead to fish dying and to anaerobic decomposition 
(decomposition without the presence of oxygen). Hydrogen sulphide and methane are thereby 
produced. This can lead, among others, to the destruction of the eco-system.  
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On eutrophicated soils, an increased susceptibility of plants to diseases and pests is often observed, 
as is a degradation of plant stability. If the nutrification level exceeds the amounts of nitrogen 
necessary for a maximum harvest, it can lead to an enrichment of nitrate. This can cause, by means 
of leaching, increased nitrate content in groundwater. Nitrate also ends up in drinking water. 
Nitrate at low levels is harmless 
from a toxicological point of view. 
However, nitrite, a reaction 
product of nitrate, is toxic to 
humans. The causes of 
eutrophication are displayed in 
Figure 51. The eutrophication 
potential is calculated in 
phosphate equivalents (PO4-Eq). 
As with acidification potential, it’s 
important to remember that the 
effects of eutrophication potential 
differ regionally.  
 
Figure 51. Eutrophication Potential (ISO 14044:2006) 
 
 
 
 Photochemical Ozone Creation Potential (POCP)  
Despite playing a protective role in the stratosphere, at ground-level ozone is classified as a 
damaging trace gas. Photochemical ozone production in the troposphere, also known as summer 
smog, is suspected to damage vegetation and material. High concentrations of ozone are toxic to 
humans.  
Radiation from the sun and the presence of nitrogen oxides and hydrocarbons incur complex 
chemical reactions, producing aggressive reaction products, one of which is ozone. Nitrogen oxides 
alone do not cause high ozone concentration levels.  
Hydrocarbon emissions occur from incomplete combustion, in conjunction with petrol (storage, 
turnover, refuelling etc.) or from solvents. High concentrations of ozone arise when the temperature 
is high, humidity is low, when air is relatively static and when there are high concentrations of 
hydrocarbons. Today it is assumed that the existence of NO and CO reduces the accumulated ozone 
to NO2, CO2 and O2. This means, that high concentrations of ozone do not often occur near 
hydrocarbon emission sources. Higher ozone concentrations more commonly arise in areas of clean 
air, such as forests, where there is less NO and CO (Figure 52). 
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In Life Cycle Assessments, photo-
chemical ozone creation potential 
(POCP) is referred to in ethylene-
equivalents (C2H4-Äq.). When 
analysing, it’s important to 
remember that the actual ozone 
concentration is strongly 
influenced by the weather and by 
the characteristics of the local 
conditions. 
 
Figure 52. Photochemical Ozone Creation Potential (ISO 14044:2006) 
 
 
 Ozone Depletion Potential (ODP)  
Ozone is created in the stratosphere by the disassociation of oxygen atoms that are ex-posed to 
short-wave UV-light. This leads to the formation of the so-called ozone layer in the stratosphere (15 - 
50 km high). About 10 % of this ozone reaches the troposphere through mixing processes. In spite of 
its minimal concentration, the ozone layer is essential for life on earth. Ozone absorbs the short-
wave UV-radiation and releases it in longer wavelengths. As a result, only a small part of the UV-
radiation reaches the earth.  
Anthropogenic emissions deplete ozone. This is well-known from reports on the hole in the ozone 
layer. The hole is currently confined to the region above Antarctica, however another ozone 
depletion can be identified, albeit not to the same extent, over the mid-latitudes (e.g. Europe). The 
substances which have a depleting effect on the ozone can essentially be divided into two groups; 
the fluorine-chlorine-hydrocarbons (CFCs) and the nitrogen oxides (NOX). Figure 53 depicts the 
procedure of ozone depletion.  
One effect of ozone depletion is the warming of the earth's surface. The sensitivity of humans, 
animals and plants to UV-B and UV-A radiation is of particular importance. Possible effects are 
changes in growth or a decrease in harvest crops (disruption of photosynthesis), indications of 
tumours (skin cancer and eye diseases) and decrease of sea plankton, which would strongly affect 
the food chain. In calculating the ozone depletion potential, the anthropogenically released 
halogenated hydrocarbons, which can destroy many ozone molecules, are recorded first. The so-
called Ozone Depletion Potential (ODP) results from the calculation of the potential of different 
ozone relevant substances. 
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This is done by calculating, first of all, a 
scenario for a fixed quantity of emissions 
of a CFC reference (CFC 11). This results 
in an equilibrium state of total ozone 
reduction. The same scenario is 
considered for each substance under 
study whereby CFC 11 is replaced by the 
quantity of the substance. This leads to 
the ozone depletion potential for each 
respective substance, which is given in 
CFC 11 equivalents. An evaluation of the 
ozone depletion potential should take 
into consideration the long term, global 
and partly irreversible effects. 
 
Figure 53. Ozone Depletion Potential (ISO 14044:2006) 
 
 
 Human and eco-toxicity  
The method for the impact assessment of toxicity potential is still, in part, in the development stage. 
The Human Toxicity Potential (HTP) assessment aims to estimate the negative impact of, for 
example, a process on humans (Figure 54). The Eco-Toxicity potential aims to outline the damaging 
effects on an ecosystem. This is differentiated into Terrestrial Eco-Toxicity Potential (TETP, Figure 55) 
and Aquatic Eco-Toxicity Potential (AETP, Figure 56)  
In general, one distinguishes acute, sub-acute/sub-chronic and chronic toxicity, defined by the 
duration and frequency of the impact. The toxicity of a substance is based on several parameters. 
Within the scope of life cycle analysis, these effects will not be mapped out to such a detailed level. 
Therefore, the potential toxicity of a substance based on its chemical composition, physical 
properties, point source of emission and its behaviour and whereabouts, is characterised according 
to its release to the environment. Harmful sub-stances can spread to the atmosphere, into water 
bodies or into the soil. Therefore, potential contributors to important toxic loads are ascertained.  
Characterisation factors are calculated through the “Centre of Environmental Science (CML), Leiden 
University”, and the “National Institute of Public Health and Environmental Protection (RIVM), 
Bilthoven”, based on the software USES 1.0 (GUINÉE ET AL. 1996). The model, LCA-World, which 
underlies the calculation, is based on the assumptions of a slight exchange of rainwater and air 
(western Europe), long residence times of sub-stances, moderate wind and slight transposition over 
the system boundaries. 
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The surface of the model is divided into 3% 
surface water, 60% natural soil, 27% 
agricultural soil and 10% industrial soil. 25% 
of the rainwater is infiltrated into the soil. 
The potential toxicities (human, aquatic and 
terrestrial ecosystems) are generated from a 
proportion based on the reference 
substance 1,4-Dichlorbenzol (C6H4Cl2) in 
the air reference section. The unit is kg 1,4-
Dichlorbenzol-Equiv. (kg DCB-Äq.) per kg 
emission (GUINÉE ET AL. 2002).  
The identification of the toxicity potential is 
afflicted with uncertainties be-cause the 
impacts of the individual substances are 
extremely dependent on exposure times 
and various potential effects are 
aggregated. The model is therefore based 
on a comparison of effect and exposure 
assessment. It calculates the concentration 
in the environment via the amount of 
emission, a distribution model and the risk 
characterisation via an input sensitive 
module. Degradation and transport in other 
environmental compartments are not 
represented. 
Toxicity potential can be calculated with 
toxicological threshold values, based on a 
continuous exposure to the substance. This 
leads to a division of the toxicity into the 
groups mentioned above (HTP, AETP, TETP) 
for which, based on the location of the 
emission source (air, water, soil), three 
values are calculated. Consequently, there is 
a matrix for toxic substances with rows of 
the various toxicities that have impacts on 
both humans and aquatic and terrestrial 
ecosystems, and columns of the ex-tent of 
the toxic potential, considering the different 
emission locations. 
 
Figure 54. Human Toxicity Potential (IKO 2003) 
 
 
 
 
Figure 55. Terrestrial Eco-toxicity potential (IKP 2003) 
 
 
Figure 56. Aquatic Eco-Toxicity Potential (IKP 2003) 
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 Abiotic Depletion Potential  
The abiotic depletion potential covers all natural resources (incl. fossil energy carriers) as metal 
containing ores, crude oil and mineral raw materials. Abiotic resources include all raw materials from 
non-living resources that are non-renewable. This impact category describes the reduction of the 
global amount of non-renewable raw materials. Non-renewable means a time frame of at least 500 
years. This impact category covers an evaluation of the availability of natural elements in general, as 
well as the availability of fossil energy carriers. The reference substance for the characterisation 
factors is antimony. 
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Appendix D. Calculation of life cycle cost 
D1. Maintenance plan of wheelset 
bearings (Alternative 1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 31. Wheelset bearings Alternative 1 
maintenance plan, over the rail vehicle's life cycle 
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D2. Sensitivity analysis calculation for Alternative 2, with a rejection rate of 10, 20, 30, 40 
and 50 % during the remanufacturing process.  
 
 
Table 32. Sensitivity analysis calculation for Alternative 2, with a rejection rate of 10% during the remanufacturing process 
 
 
Table 33. Sensitivity analysis calculation for Alternative 2, with a rejection rate of 20% during the remanufacturing process 
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130 20 110 40 90 50 440 €
320 320 €
15 70 25 60 35 55 80 340 €
9600 9,600 €
480 480 €
960 960 €
2000 9200 2400 8000 3200 24,800 €
3800 200 3600 800 3200 11,600 €
720 720 720 720 720 3,600 €
200 920 240 800 320 2,480 €
190 10 180 40 160 580 €
480 480 €
25 115 30 100 40 120 430 €
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Table 34. Sensitivity analysis calculation for Alternative 2, with a rejection rate of 30% during the remanufacturing process 
 
 
 
Table 35. Sensitivity analysis calculation for Alternative 2, with a rejection rate of 40% during the remanufacturing process 
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Total
6400 6,400 €
320 320 €
640 640 €
2000 5200 2800 4800 3200 4400 22,400 €
2200 600 1800 800 1600 1000 8,000 €
480 480 480 480 480 480 2,880 €
200 520 280 480 320 440 2,240 €
110 30 90 40 80 50 400 €
320 320 €
25 65 35 60 40 55 80 360 €
9600 9,600 €
480 480 €
960 960 €
3200 7600 4400 6800 4800 26,800 €
3200 1000 2600 1400 2400 10,600 €
720 720 720 720 720 3,600 €
320 760 440 680 480 2,680 €
160 50 130 70 120 530 €
480 480 €
40 95 55 85 60 120 455 €
100,145 €
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Total
6400 6,400 €
320 320 €
640 640 €
2800 4800 3600 4400 4000 4000 23,600 €
1800 800 1400 1000 1200 1200 7,400 €
480 480 480 480 480 480 2,880 €
280 480 360 440 400 400 2,360 €
90 40 70 110 60 60 430 €
320 320 €
35 60 45 55 50 50 80 375 €
9600 9,600 €
480 480 €
960 960 €
4000 7200 6400 6000 6000 29,600 €
2800 1200 2000 1800 1800 9,600 €
720 720 720 720 720 3,600 €
400 720 640 600 600 2,960 €
140 60 100 90 90 480 €
480 480 €
50 90 80 75 75 120 490 €
102,975 €
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Table 36. Sensitivity analysis calculation for Alternative 2, with a rejection rate of 50% during the remanufacturing process 
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6400 6,400 €
320 320 €
640 640 €
3200 4800 4000 4400 4000 4400 24,800 €
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480 480 480 480 480 480 2,880 €
320 480 400 440 400 440 2,480 €
80 40 60 50 60 50 340 €
320 320 €
40 60 50 55 50 55 80 390 €
9600 9,600 €
480 480 €
960 960 €
4800 7200 6000 6400 6400 30,800 €
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Alternative 2 (50 % rejection)
10 Years 20 Years
